



POLLUTANT INDUCIBLE GENES FROM 
•， 
COMMON CARP, CYPRINUS,GARPIQ^ 
/ . > x ^ ' " V ^ 、 〜 : � � � � � \ / . / ' 、 .. - \ / : r ‘ � A •  \ , ‘\ ( . , . � . - \ ‘ -- .S| ,.- i, 
� • r. ^ 
� * 
\,:\... \ 
M. Phil. Thesis \ 
Chan Pat Chun, B. Sc. (Hon). 
Thesis submitted to the School of Graduate Studies of 
the Chinese University of Hong Kong in 
partial fulfilment of the degree of Master of Philosophy 





1 '. ‘ 
I would like to express my sincere gratitude to my supervisor, Dr. K. M. 
Chan for his guidance and valuable advice throughout my study. I am « < 
grateful to other members ofthe Chan's laboratory: Mr. Y. K. Ng, Mr. EricY. H. 
Liang, Miss Judy, f . C. Chow and Mr. Y. H. Chan, for their friendship, 
suggestions, and technical assistance. For their technical support on the 
cloning and sequencing works on MT gene I would like to thank Miss Felice 
W. Y. Wong and Miss Jess L. C. Chan. Last but not least, I am indebted to 
Miss Farina L. C. Cheung who shared the happiness and frustration in the 




• • » 






Presentations Derived from the Present Thesis Work 
Chan, K.M., and Chan, P.C. (1996). Cloning and characterization ofcommon 
carp metallothionein cDNAs. In: 35th Annual Meeting of Society of Toxicology, 
Anaheim, California, March 10-14, 1996. Fundamental & Applied Toxicology 
30(1)P.2:296. (Poster presentation) 
W *" 
Chan, P.C., and Chan, KM/(1996). PCR-cloning of cytochrome P450IA1 
cDNAs from the livers of tilapia and common carp. In: 35th Annual Meeting of 
Society of Toxicology, Anaheim, California, March 10-14. 1996. Fundamental 
& Applied Toxicology 30(1)P.2:327. (Poster presentation) 
Chan, K.M., Chan, P.C., Lam, K L , and Wong, W,Y.F. (1996) Cloning offish 
pollutant inducible genes: metallothionein, cytochrome P450-IA and P-
glycoprotein. In: Asia-Pacific Conference on Science & Management of 
Coastal Environment, The Hong Kong University of Science & Technology, 
June 25-28, 1996. (Oral Presentation) 
Chan, P.C., and Chan, K.M. (1996) Induction of cytochrome P450IA (CYPIA) 
gene expression in tilapia and common carp tissues after 3-
methylcholanthrene (3-MC) injections. In: Asia-Pacific Conference on 
Science & Management of Coastal Environment, The Hong Kong University 
of Science & Technology，June 25-28, 1996. .(Poster Presentation) 
Chan，P.C., and Chan, K.M. '(1996) Constitutive expression of 
metallothionein gene in common carp tissues. In: Asia-Pacific Conference on 
Science & Mapagement of Coastal Environment, The Hong Kong University 







Metallothlonein (MT) and cytochrome P450 1A (CYP1A) are two 
pollutant inducible genes that are differentially regulated by inorganic 
pollutants (heavy metals) and organic pollutants (aromatic hydrocarbons) 
respectively. The first step to study the regulation of MT and CYP1A in 
common carp {Cyprinus carpio), a local fish species, the cDNAs of MT and 
CYP1A of common carp were obtained by screening of an uninduced adult 
liver cDNA library using winter flounder MT cDNA as probe and by RT-PCR 
using teleost-CYP1A specific primers, respectively. 
Two forms of MT cDNAs were identified with identical coding sequences 
but with different 3，and 5, untranslated sequences. MT of common carp 
consists of 60 amino acid, of which twenty of them are cysteine. MT gene 
fragment (400 bp) and 5，upstream sequence (600 bp) were also obtained by 
PCR using common carp MT gene-specific primers. The MT gene of 
common carp has typical tripartite structure. The 5，upstream region of MT 
gene of common carp was found to carry 5 putative metal responsive 
elements (MREs) and some transcription factors recognition sites such as 
AP1’ Sp1 and c-Jun. Southern blot analysis revealed that at least two MT 
genes are present in the genome of common carp. High basal levels of MT 
mRNA expression were found in the liver, kidney, brain and to a lesser extent 
intestine in both the adult and juvenile common carp. ' MT mRNA levels were 
slightly induced in gill, heart, liver, kidney and intestine in juvenile common 
carp treated with cadmium chloride, and heart was the most responsive tissue 
to cadmium chloride treatment. The level of MT mRNA in brain, however, 
was slightly decreased after the treatment of cadmium chloride. 
Using RT-PCR. two forms of CYP1A cDNA fragment (650 bp) with over 
9Qo/o nucleotide and amino acid sequence identities were identified. 
Southern blot analyses and PCR analyses supported that at least two CYP1A 




an uninduced adult liver cDNA library of common carp showed that 4 forms of 
CYP1A cDNA with different restriction enzyme maps were identified. 
CYP1A mRNA could be induced in different tissues from juvenile common 
carp treated with 3-methylcholanthrene (3-MC). Similar to MT, heart was 
shown to be the most responsive tissues to 3-MC treatment. 
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The discovery of pollution related diseases after several accidents like 
V •• ‘ • 
Minamata incidence (induced by mercury and methyl mercury in 1950s in 
* 
Japan) (Tsubaki and lrukayama, 1977) and Seveso accident (induced by 
dioxins in Italy 1976) (Holmstedt, 1980) had raised the public concern on the 
adverse effects of environmental pollutants on biota. Since then, the effects 
exerted by different environmental pollutants at different level of biological 
organizations, extending from molecular level to individual level and 
ultimately to the level of ecosystem, were extensively studied. Among these 
changes, those at the molecular level are the earliest detectable effects 
induced by the environmental pollutants and they are one of the focus of 
many toxicological researches presently (Marshall, 1993). As changes at 
molecular level are usually due to the alteration of gene expression, the study 
of pollutant inducible genes (PIGs) has been a major approach towards the 
understanding of the effects exerted by pollutants in organisms. 
1.2 Pollutant Inducible Genes {PIGs) 
» 
The entrance of an environment pollutant into a cell can be regarded as 
» • • 
an extracellular chemical stimulus and a cell can cope with such a change by 
altering gene expression at mRNA level (transcriptional and/ or post-
transcriptional control) and protein level (translational and/ or post-
translational control). Among these strategies, transcriptional activation of a 
gene is the predominant one to control the production of new protein(s) in 
response to such extracellular stimulus (Baeuerle, 1995). Gene 
transcription activation results in transient reprogramming of gene expression 
and biological activity which serves to protect sensitive cellular components 
from irreversible damages and assists iri the rapid cellular recovery. 
However, many of the genes that are regulated by environmental pollutants 
‘1 
were shown primarily at protein and activity levels and little was known about 
their transcriptional regulation. Even though the genes are shown to be up-
regulated at mRNA level， it is still difficult to determine whether the up-
reguIation is due to transcriptional activation or post-transcriptional 
stabilization. In fact, to verify whether a gene is transcriptionally activated by 
an environmental pollutant requires thorough and intensive studies and it is 
difficult for the genes with limited information. Therefore, to our 
understanding, it is better and less misleading to define PIGs as the genes or 
their products (mRNAs or proteins and their associating activities) which can 
be up-regulated by environmental pollutants. 
PIGs share similar characteristics with regard to their structures, 
functions and regulation in different biotic systems. Organisms appear to 
equip similar set of PIGs to cope with the external stimuli and therefore they 
have high degree of identities in their amino acid and nucleotide sequences. 
In order to due with a large number of exogenous compounds that may be 
encountered, PIGs usually encode proteins with broad substrate specificites 
or can recognize groups of compounds with similar chemical structures, in 
addition, the key elements involved in the regulation of PIGs are also 
conserved throughout evolution. These include (i) specific transcription 
factors which usually have high affinity.to the environmental pollutants or can 
be activated upon exposure to environmental pollutants and (ii) the 
recognition of ,specific DNA sequences (enhancers), by these transcription 
...-t 
factors. 
1.2.1 Classification of PIGs 
t 
A number of examples of PIGs are listed in Table 1.1. According to this 
table, PIGs can be classified into: 
1.2.1.1 Drug Metabolizing Enzymes/ Proteins 
Drug metabolizing enzymes function in removing the lipophilic compounds 
out of the cell. These lipophilic compounds, which may be endogenous such 
as steroids or exogenous like some plant products and pesticides. These 
‘2 
. 一 
lipophilic compounds can pass though the cell membrane freely and are 
difficult to be excreted once they enter the cell. Drug metabolizing enzymes 
can eliminate these lipophilic compounds through a series of biochemical 
modification and they can be categorized into three phases: Phase i, Phase II 
and Phase 111 (Vore, 1994). 
Table 1.1 Differfent Types of Poilutant Inducible Genes (PIGs) 
Types of PIGs~~Specific Commpn Organisms Levels of Transcrip Enhancer 
examples Inducers Induction -tion involved 
factor 
Drug Metabolizing Enzymes 
Phase I CYP1Al i HAHs& Mammals& mRNA,pro te in&AhR DRE 
PAHs possibly aii activities (CACGC) 
vertebrates 
CYP2B1 PB Rat mRNA, NK Barbie box 
CYP2B2^ protein & (AAAG) 
activities 
Phase II GST-Ya^ HAHs& Mammal mRNA, AhR DRE, 
PAHs; proteins & (CACGC) 
activities ARE 
Antioxidants NK (GTGAC 
and their nnnGC) 
metabolites 
Phase ill P-gp4 TCDD Rat mRNA NK NK 
Stress Proteins 
MT MT^ Heavy metals Human & mRNA，protein MTF-1 MRE 
mouse 0"GCnCGC) 
HSPs HSP70® Heat shock mRNA&protein HSF HSE 
heavy metals (nGAAn) 
Antioxidant SOD® Heavy metals, Possibly all Activity& NK NK 
Enzymes free radicals organisms possibly at 
‘ mRNA 
Growth Factors PAI-2® HAHs and Human Protein and Possibly Possibly be 
PAHs • , mRNA be AhR DRE 
l"-p9 HAHs and Human Protein and Possibly Possibly be 
PAHs mRNA be AhR DRE 
Enzymes PEPCK^° TCDD Rat Decrease at Possibly Possibly be 
Involved in .、 , activity, protein be AhR DRE 
Bioenergetics 二 and mRNA levels 
Abbreviations: CYP1A1, cytochrome P450 1A1;CYP2B1/2, cytochrome P450 
2B1/2; GST-Ya, glutathione-S-transferase Ya subunit; MT, metallothionein; 
HSP70, heat shock protein 70; SOD, superoxide dismutase; PAI-2, 
plasminogen activator inhibitor 2; ll-1-p, interleukin 1-p; PEPCK, phospho-
enolypyruvate carboxykinase; HAHs, halogenated aromatic hydrocarbons; 
PAHs, pdlyaromatic hydrocarbons;PB, phenobarbital; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin; AhR, aryl hydrocarbon receptor; MTF, metal 
responsive transcription factor; HSF, heat shock factor; DRE, dioxin 
responsive element; ARE, antioxidant responsive element; MRE, metal 
responsive element; HSE, heat shock element, NK, factor not yet known. 
References: 1, Poellinger, 1995; 2, Fulco et al., 1994; 3，Rushmore and 
Pickett, 1991 and 1993; 4, Burt et al., 1988; 5, Heuchel et al., 1994; 6, 
Kroeger and Mohmoto, 1995; 7’ Stegeman et al., 1992; 8，Sutter et al., 1991; 
9, Stahl etal., 1993. ’ 
• ^ % ’ ‘, 
During Phase [ metabolism, polar groups (such as hydroxyl group) are 
• f •. ‘ 
introduced into the relatively lipophilic parent compounds. Phase I enzymes 
represent almost exclusively cytochrome P450s, which function as mono-
' - - » 
oxygenases to insert one atom of molecular oxygen into their substrates. 
Some of the cytochrome P450 genes are xenobiotic inducible (Denison and 
•V-- ‘ ^ 
Whitlock 1995) and one grgup of the iosenzymes of cytochrome P450, 
� ,t. 
cytochrome P4501A (CYP1A), would be discussed in Chapter 4. 
Phase II enzymes are able to conjugate the Phase I products to very ‘ 
soluble moieties such as glucuronide and glutathione. Both the Phase I 
products and Phase II conjugates are more hydrophilic than their parent 
compounds and therefore they are more readily to be excreted out. 
Glutathione-S-transferase (GST) is a typical example of Phase II enzyme 
found in many different species. GSTs are a multiple family of ubiquitous 
enzymes which catalyze both conjugation of GSH with lipophilic electrophiles 
and reduction of oxidants by GSH. GSTs can be classified into 5 separate 
families on the basis of sequence homology: trimeric microsomal GST; 
soluble dimeric proteins called a, m n, 0 (Rushmore et al., 1994). In term of 
mobility in SDS-PAGE, GST can be classified into Ya, Yb and Yc, in which Ya 
has the highest mobility (Rushmore et al., 1994). The 5, flanking region of 
mammalian GST Ya subunit promoters contain antioxidant response element 
(ARE, Rushmore and Pickett, 1991, 1993) or electrophile response element -, ‘ 
(EpRE’ Friling et al, 1990，1992) and dioxin responsive element (DRE, 
Rushmore and Pickett，1991，1993), which are responsible for the inducibNity 
by oxidative substances and dioxin-like compounds. 
f 
Phase 川 metabolism involves transport the pollutants or their conjugates 
out of the cells by specific membrane transporters such as P-glycoprotein 
(P-gp) or multidrug transporter, and multidrug resistance associate protein 
(MRP). Both P-gp and MRP are members of ATP binding cassette (ABC) 
superfamily oftransporter (Sadee et al, 1995; Gottesman et al, 1995). F^ps 
are encoded by multidrug resistance genes (e. g. MDR1) and can be up-
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regulated at the mRNA level by xenobiotic treatment (Burt et al., 1988; 
Gottesman et ai, 1995). MRP is a glutathione conjugate transporter which 
can actively pump out the glutathione conjugated drugs (Leier et aI, 1994; 
Jedlitschky et ai, .1994). Little informatiorNs known about the inducibility on 
MRP, but 2 DREs are .present in the 5, flanking region of mouse MRP gene 
(Zhu and Center'; 1994). 
' - • ‘ ,.(-.” 
On the other hand, cells also develop specific transporters for the efflux of 
inorganic ions (Silver and Ji, 1994). Recently, genes for specific cation 
transporting ATPase in human, namely Menkes disease gene (Vulpe et ai., 
1993; Mercer et al., 1993) and Wilson disease gene were sequenced and 
found to show homology with the bacteria copper transpdrting ATPase (Silver 
and Walderhaug, 1992). AKhough the inducibiiities of these genes have not 
been determined, evidence supported that cells that are resistant to copper 
ions are related to the amplification of these genes (Camakaris et al., 1995). 
1.2.1.2 Stress Proteins 
Stress proteins can be induced by a wide variety of environmental stress 
(e. g. heat shock and heavy metal exposure), pathophysiological conditions 
(e. g. infection)�and particular physiological processes (e. g. growth and 
differentiation) (Welch, 1993). According to Goering and Fisher (1995)， 
eukaryotes possess at least two copies of most stress protein genes. One is 
constitutively expressed for the maintenance of cellular homeostasis whereas -.、 * 
the other is stress inducible. Stress proteins that received the greatest 
attention are heat shock proteins (HSPs) and metallothionein (MT). MT 
would be discussed in Chapter 3 and in this section, HSPs will be discussed 
briefly.‘ 
、 . 
HSPs can be found both in prokaryotes and eukaryotes (Welch, 1993). 
Classification of HSPs mainly based on their apparent molecular mass on 
SDS-polyacrylamide gels (e. g. HSP60, HSP70 and HSP90).. HSPs are 
believed to act as molecular chaperons anc^the induction of HSPs during 
various stresses is likely to prevent irreversible denaturation and aggregation 
te 
‘5 
and facilitates the refolding and repair of proteins as cells recover from stress 
(Hightower 1991). The induction of HSPs involves the interaction of heat i ‘ 
shock transcription factor (HSP) with the heat shock element (HSE) in a 
number of eukaryotes studied, including yeast, drosophila, plant and human 
(Kroeger and Morimoto, 1995) 
:v:. / 
1.2.1.3 Antioxidant Enzymes 
Cells are continuously subjected to oxidative stress with the production of 
highly reactive free radicals. The production of antioxidant enzymes, 
including superoxide dismutase (SOD), catalase (CAT), peroxidase (Px), 
glutathione reductase {GR), and DT diaphorase, would help to eliminate the 
free radicals. The activities of these enzymes, like SOD are shown to be 
inducible with the exposure of environmental pollutants like heavy metals and 
organic xenobiotics (Rodriguez-Ariza, et al. 1991 ； Pedrajas et al., 1995). 
1.2.1.4 Hormones, Growth Factors and Their Receptors 
»•' 
Pollutants are able to alter the expression of certain hormones, growth 
factors and their receptors. Dioxin-like compounds are the ones that shown 
to affect a number of these genes. Growth factors like plasminogen activator 
inhibitor-2 (PAI-2), interleukin-1 beta (IL1-p) can be up-regulated at mRNA 
and protein levelsupon treatment Vi th dioxin-like compounds whereas 
estrogen receptor (ER), epidermal growth factor receptor (EGFR), 
* , • • 
transforming growth factor-2 beta (TGF-p2) are the examples that down-
regulated at mRNA and/ or protein level(s) by dioxin-like compounds (Lai et 
al., 1996). Many of these genes contain one or more DREs in their 5, 
flanking regions and this suggest the possibility of their direct regulation by 
dioxin-like compounds. 
1.2.1.5 Enzymes/Proteins Involved in Bioenergetics 
Some of the environmental pollutants such as heavy metals (Carpene et 
al., 1987) and dioxin-like compounds (Enan et al., 1992; McNulty and 
Toscano, 1995) can affect the enzymes or proteins involved in energy 
• 
6 
metabolism. Some of the key enzymes and proteins involved in energy 
metabolism were showed in Fig. 1.1. By using dioxin-like compounds as an 
example, the treatment of dioxin into different mammalian species and in 
different tissues would cause inhibition on the glucose transporter activities, 
as well as mRNA levels (Enan et ai., 1992; Olsen et al., 1994; Liu and 
Matsumura, 1995), Phosphoenolpyruvate carboxykinase (PEPCK), key 
enzymes involved in gluconeogenesis, was also shown to be down-regulated 
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Fig.1.1 Key Enzymes and Proteins Involved in Energy Metabolism 
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In contrast, the activity, protein content and mRNA levels of glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were shown 
be increased upon dioxin treatment (McNulty and Toscano, 1995; Sirover, 
1996). Together with the finding of DREs in the genes of glucose~6-
phosphate dehydrogenase (G6PDH, controlling the level of NADPH by 
pentose phosphate pathway), aldolase (controlling the level of 
• 
glyceraldehyde-3-phosphate in glycolytic pathway) and GAPDH (McNulty and 
Toscano, 1995 and references herein), these enzymes are possibly regulated 
by dioxin. As a whole, dioxin depletes the energy source of a cell by inhibit 
the glucose uptake and glycogen synthesis, as well as increases the energy 
utilization by increase the rate of glycolysis and possibly pentose phosphate 
pathway. These may explain the induction of wasting syndrome (body 
weight loss and decrease in food intake) by dioxin-like compounds. 
Therefore, it further illustrates how the studies of PIGs would help to 
understand the toxic effects induced by environmental pollutants. 
rv" 
1.2.2 PIGs as a Field of Study 
1.2.2.1 Study of the Mechanism of Detoxification and Toxication 
The toxicity induced by a pollutant and the associated detoxification 
processes both involve complex interaction of cellular components and 
pollutant or its metabolites. The study of PiGs can limit the field of study at 
the molecular level. It is especially important that organisms are challenged 
by thousands of new chemicals synthesized every year. These chemicals 
have never been encountered throughout the life history and they would exert 
unknowp toxic effects in different organisms. How the cell respond to these 
chemicals、,become an important aspects in pharmacology and toxicology. 
The identification of PIGs induced by these chemicals would help to 
understand their primary sites of action and their subsequent detoxification 
mechanism or toxication processes. For example, the study of PIGs induced 
by dioxins and related compounds led to the discovery of aryl hydrocarbon 
receptor (AhR) which in turn led to the concept of receptor mediated toxicity 
induced by xenobiotics (Bock, 1993; Gustafsson, 1995). 
‘8 
In addition, detoxification is sometimes destructive as it may activate the 
pollutants under certain circumstances. One of the Phase I metabolite of 
benzo-a-pyrene is more toxic than the parent compound and can react with 
DNA to form stable DNA adducts (reviewed by Stegeman and Hahn, 1994) 
which can cause mutagenesis (reviewed by Loechler, 1996). The binding of 
Cd to MT in cd1is' believed to protect cells from acute toxicity upon heavy 
metal exposure. However. Cd-MT complex is extremely toxic to kidney if it is 
accidentally released into the circulation system (Waalkes and Goering， 
1990). With these two examples, it is obvious that the studies of PIGs are 
important in the understanding the mechanism of toxicities induced by 
environmental pollutants. 
Furthermore, it should be emphasized that pollutants are usually present 
in sub-lethal concentrations and toxic effects are usually induced by chronic 
exposure to these pollutants. Some of the pollutants and their metabolites 
are carcinogenic and teratogenic upon long-term exposure over many years. 
The endocrine system is one of the system that proved to be susceptible to 
environmental pollutants like xenoestrogen (methoxychlor. kepone. dicofol 
and o,p-DDT), antiestrogens (dioxin-like compounds), anti-androgens 
(vinclozolin), anti-thyroids (erhylenethiourea and linuron) (Birnbaum, 1994). 
Chronic exposure to xenoestrogens was suggested to be involved in breast 
cancer and decrease in sperm count in human (Stone, 1994; Birnbaum, 1994) 
while endometriosis, which suffers millions of women in the United States, is 
possibly due to chronic exposure to dioxin-like compounds (Rier et al., 1993). 
Although causative relation between environmental pollutants and various 
diseases and development defects is still on debate，it is hoped that the study 
on PIGs.would help to understand the underlying molecular mechanisms of 
these pollutant inducible diseases and effects. 
1,2.2.2 Biomarker Study 
The gene products of PIGs, mRNA, proteins and associating activities, 
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can act as biomarkers to indicate the level of pollution and the health status of 
organism. Biomarker can be defined as a change in bjologipal response that 
can be reiated to an exposure to, or toxic effect of, an environment3l 
chemical(s) (Koeman et al 1991). Several methods can also fulfill similar 
function as biomarker such as chemical analysis and toxicity test (Adams, 
1990). However the former cannot tell the bioavailability of environmental 
pollutants and is difficult to handle complex mixtures of pollutants whereas 
the latter gives information on lethal effects but has little or no relation to 
sub-lethal effects (Thomas, 1990). The biomarker approach is a 
complement to the above methods. It could indicate and predict specific 
biochemical lesion or even end-points effects in an organism, although the 
precise relationship between biomarker response and the toxic or end-point 
effects is usually unclear (Thomas, 1990; Silberge!d and Davis, 1994). 
Biomarker can integrate different episodes of exposure in time and space as 
well as provide early warning signals of environmental aKeration, which are 
important criteria in environmental assessment and long-term monitoring 
(Cormier and Daniel, 1994). 
According to Grandfean et al. (1994), biomarker can be classified into 
three categories: , 
(i) Biomarker of Exposure 
It is an exogenous compound or a metabolite within the body or 
• • • < 
another event directly related to the exposure. The most well-known 
examples are the induction of MTs by heavy metals and cytochrome 
P4501As by aromatic hydrocarbons. 
•? “ • 
V 
(ii) Biomarker of Effect « 
It is an endogenous component, or a measure of the functional 
capacity, or some other indicator of the state of balance pf the body or 
organ system, as affected by the exposure. The inhibition of acetyl-
cholinesterase of nervous system in various vertebrates and 
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(iii) Biomarker of Susceptibility 
Biomarker of susceptibility can be defined as an inherited or 
acquired indicator that the individual is particularly sensitive to the effect 
of a xenobiotics or to the effects of a group of such compound. Inherited 
factor such as aromatic hydrocarbon hydroxylase (AHH) inducibility and 
acquired factors like smoking were shown to be related to lung cancer. 
It is clear that the expression of biomarkers represent an organism's 
attempt to compensate for, or tolerate the environmental stress and is 
sometimes related to an organism's health status. Therefore there are 
increasing concerns on the study of biomarker in various fields (Cormier and 
Daniel, 1994). In fact, some of the PIGs such as CYP1As were shown to be 
a good model of biomarker of exposure, effect and susceptibility (Nebert et al., 
1996; Stegeman and Lech, 1991). However, as the induction of PIGs can be 
affected by a number of biotic (e. g. hormonal effects and nutritional status) 
and abiotic factors (e.g. temperature and seasonal change), thorough 
baseline studies should be taken. 
1.2.2.3. Study of the Regulation of Gene Expression 
^ _ , • • 
The induction of PIGs by enyironmental pollutants can be explained in 
two aspects. Firstly, some of the pollutants such as heavy metals have 
already present in the environment millions years ago and a set of PIGs have 
been developed for defensive purposes. However, as explained earlier, 
many of the pollutants produced now3d3ys are 3nthr0pr0genic and have 
never been encountered in the cells. In this case, the inductive effects of 
these environmental pollutants can be explained by their similar chemicaf 
structures with some of the known or unidentified endogenous factors 
involved in gene regulation. Therefore, environmental pollutants can elicit —-
the same set of gene transcriptional activation events as that of certain 
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endogenous factors but in inappropriate time and at inappropriate place 
instead. This can explain some of the toxic effects induced by 
environmental pollutants, especially the chronic ones. In both cases, 
pollutant would be a good.chemical model in studying the regulation of gene 
expression, not only on the basis of molecular mechanisms but also on the 
identification o f noVel factors such as transcription factors, inhibitors，and 
enhancers, responsible for such regulation. For example, the induction of 
MT genes by heavy metal ions is one of the most well characterized model of 
gene regulation. 
1.2.2.4 Study of Evolution 
It is generally believed that PIGs, like CYP1A, MT and HSPs are evolved 
from their retrospective ancestral genes. The evolution of new members of 
PIGs represent the ability of an organism to adapt to the ever changing 
environment. Therefore, PIGs are conserved both in the structures of their 
genes and gene products. The sequence identities of PIGs would not only 
show the phylogenetic relationships of different organisms but also provides 
insight on the important changes in the Earth history of life. For examples, 
the evolution of cytochrome P450s genes is suggested to be due to "animal-
plant warfare，(Nebert and Gonzalez/1987). 
» • • 
1.3 Aims and Rational of the Present Study 
The cloning of cDNA and genomic sequences of PIGS is a first step 
towards the understanding ofthe structures, functions and regulation ofthese 
genes in 4ocal fish species such as common carp and tiiapia. The.study of 
their inducibilities can provide insight on function as well as regulation of 
these PIGs and also on the usefulness of these PIGs for biomonitoring 
purpose. 
Among the different groups of PIGs, MT and CYP1A are selected in the 
‘12 
present study for their indudbilities by two main group of pollutants，namely 
inorganic pollutants (heavy metals) and organic pollutants (polyaromatic 
hydrocarbons, PAHs and halogenated aromatic hydrocarbons. HAHs) 
respectively. 
j 
The aquati5 environment in Hong Kong is seriously contaminated and 
the analysis of pollutant reliedmainly on chemical analysis. For heavy metal, 
recent surveys (Environmental Protection Department, Hong Kong 
Government, 1993; Fung, 1993) showed that the bottom sediments ofvarious 
regions exhibited elevated levels of heavy metals. Heavy metal contents in 
barnacle were also increased significantly in Tolo Harbour, the first water 
control zone established by Hong Kong Government in the 1980s, between 
1986 to 1989 (Rainbow and Smith, 1992). Besides, little information is 
available on the aromatic hydrocarbons contamination in Hong Kong. A 
recent research (Lee et al., 1995) revealed that the surface sediment samples 
from inner Tolo Harbour and Victoria Harbour exhibited complex PAH 
composition along with a side spectrum of aliphatic and polar organic material 
of both natural and anthropogenic origins. The study of MT and CYP1A in fish 
would hot only provide new insight on the pollution problems in Hong Kong 
but also provide alternative monitoring methods for these two main groups of 
pollutants. ' 
Fish is ecologically important as it is one of the most widely distributed 
organisms in the aquatic environment and about 50% of the vertebrate 
species are fish. Fish species is sensitive to various environmental 
pollutants. These pollutants have a final sink at the aquatic environment, 
especially at the estuarine areas, in which most of the fish species habited in. 
The health and physiology of the fish species as well as the fish population 
may be severely affected by environmental pollutants. In addition, as fish is 
a source of food of human and many of the pollutants are persistent in nature, 
human would consume considerable amount of pollutants via food chain and 
therefore human health would also be indirectly affected. 
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Common carp, a herbivorous fish species, is being used as our animal 
model in this project for a number of reasons. Firstly, common carp is widely 
distributed over the tropical greas and it is also a local fish commonly found in % > 
the freshwater pond and streams in Hong Kong. Its global distribution offers 
great monitoring p6tential in different geographical areas. Secondly, it is 
着 
sensitive to pollutants and is seldom found in severely contaminated areas. 
Such sensitivity is important in biomonitoring as a small amplitude change in 
the water quality may be detected. Thirdly, it is a fast growing species and 
large enough to provide sufficient amount of tissues for different analyses. 
Finally, although there were some previous researches working on the 
regulation of MT and CYP1A in common carp, little was known about their 
molecular structures as well as regulation. The cloning of the cDNA 
sequences of the MT and CYP1A is the first step towards the understanding 
of their structures, functions and regulation in common carp. In short, the 
aims of present study are: 
1. To obtain cDNA and genomic sequences of PIGs, namely MT and CYP1A, 
from common carp; 
«• 绛 
2. To test the inducibiiities ofthe MT^nd CYP1A genes at mRNA levels. 
> • 
Many of the MT and CYP1A cDNA sequences 6f teleost were obtained 
from the tissues of either heavy metal, or PAHs or PAHs treated fishes, but 
there was no trial on the uninduced ones. Cloning of common carp MT and 
CYP1A pDNAs in this research was started from the uninduced liver tissues. 
The result3 could give information on the constitutively expressed MT and 
CYP1A and it may further give insight on the physiological functions of the 
two PIGs in teleost. The inducibility of the MT and CYP1A would be tested 
by Cd and 3-MC administration, respectively. 
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2 General Methodology 
2.1 Materials 
• • ‘ 
2.1.1 Reagents (Sambrook et a|., 1989) 
• \ 
» . ‘ 
2.1.1 Preparation of Plasmid 
:w: / 
Solution I: 
5mlof1MTris-CI, pH 8.0 
4 ml of0.5MEDTA 
9 ml of 20% (w/v) glucose 
2 ml of 10 mg/ml RNase A 
made up to 200 ml with ddH2O 
Solution II 
10mlof10%SDS 
4 ml of 5M sodium hydroxide 
made up to 100 ml with ddH2O 
Solution III 
0.6 ml 5M potassium acetate 
pH adjusted to 8.0 with glacial acetic acid 
made up to 100 ml with ddH2O 
Tris-EDTA Buffer, pH 8.0 (TE buffer) 
10mM Tris-Cl, pH 8.0 
1 mM EDTA, pH 8.0 
» 
Ribonuclease A (RNaseA) 
pancreatic RNase A (10 m g / m l ) ‘ 、 
dissolved in 15 mM NaCI/10 mM Tris-Cl (pH 7.5) 
heated up to 100。C for 15 minutes ,•• 
.S^  ^ 






10 M Ammonium Acetate 
770g ammonium acetate 
made up to 1L with ddH2O and sterilized by filtration 
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2.1.3 Purification of Total RNA 
• 
Diethyl pyrocarbonate (DEPC) treated water: 
add 1 ml DEPC to 1 L ddH2O -
stirred overnight and autoclaved 
Extraction Bufferfor Total RNA Preparation (Chomczynski and Sacchi, 1987): 
25 g of guajpidium thiocyanate 
1.76 ml of 0.75 M sodium citrate, pH 7.0 
2.64 ml of 10% N-lauroylsacrosine sodium salt 
dissolved in 29 ml of atuoclaved DEPC-treated ddH2O at 65°C 
360 …of p-mercaptoethanol added 
adjusted to 50 ml of autoclaved DEPC-treated ddH2O 
Phenol, Ths-saturated: 
add 1 volume autoclaved 1 M Tris-Cl, pH 8.0 
stirred for 3 hours and the aqueous phase was removed, 
add 1 volume of autoclaved 0.1 M Tris-Cl, pH 8.0 
stirred for 3 more hours. 
2.1.4 Restriction Enzyme Digestion 
Gel loading buffer (6X): 
40 0/0 (w/v) sucrose in water 
0.25 % (w/v) xylene cyanol 
0.25 0/0 (w/v) bromophenol blue 
made up to a final volume of 10 ml with ddH2O 
Tris-acetate-EDTA (TAE) buffer (50X): ‘ 
242gof Tris-Cl 
57.1 ml Glacial acetic acid .:、 
20 ml 0.5 M EDTA, pH 8.0 
made up to 1 L with ddH2O 
：•»% ^ 
2.1.1.5 Capillary Blotting of DNA (Southern Blotting) 
Denaturing Solution (for semi-dry capillary blotting) 
0.4 M NaOH 
0.6 M NaCI 
Neutralization Solution (for semi-dry capillary blotting) 
1.5 M NaCI 
0.5 M Tris (pH 7.5) 
Denaturing Solution (for alkaline transfer) 
1.5 M NaCI 
0.5 M NaOH 
‘16 
. 一 
Alkaline Transfer Buffer 
1.5MNaCI 
0.25 M NaOH 
. _ • 
Tris-boric acid-EDTA {TBE) buffer (6X): 
. 5 4 g o f T r i s - C I 
27.5 g of Boric acid 
20 ml 0.5 M^DJA, pH 8.0 
made up to 1 L with ddH2Q 
‘ .•< ； -
Denaturing Solution (for SSC transfer) 
1.5MNaCI 
0.5 M NaOH 
Neutraiization Solution (for SSC transfer) 
1.5MNaCI 
1 M Tris (pH 7.4) ‘ 
Standard Saline Citrate (SSC) (20X): 
175.3gNaCI 
88.2 g sodium citrate 
made up to 1 L with ddH2O, pH adjusted to 7.0 and autoclaved 
2.1.1.6 Capillary Blotting of Total RNA (Northern Blotting) 
MOPS Buffer (10X): 
41.9 g 3-{N-morpholino)-propanesulfonic acid (MOPS) 
6.8 g sodium acetate * 
20 ml 10 mM EDTA solution, pH 8.0 
made up to 1 L with ddH2O and pKadjusted to 7.0 
treated with 1 ml DEPC, stirred overnight and autoclaved 
• v 
Formaldehyde Gel-Loading Buffer 
5Qo/oglycerol :〜 
1 mM EDTA, pH 8.0 
0.25% bromophenol blue 
0.25% xylene cy3nol FF -* 
2.1.1.7 Hybridization 
Denhardt's Solution (50X): 
10 g polyvinylpyrrolidone 
10 g bovine serum albumin (BSA, fraction V, Sigma) 
10gficoll400 




5 ml 50X Denhardt's solution 
5ml10%SDS ,, 
1 ml 5 mg/ml denatured, fragmented calf thymus DNA 
, a d j u s t e d to 50 ml with ddH2O and heat up to 65。C or above before use 
2.1.1.8 LibrarvLScreening 
•、( 
LB (Luria-Bertani) Medium : 
10g bacto-tryptone 
5g bacto-yeast extract 
10gNaCI 
made up to 1 L with ddH2O and autoclaved 
LB or CG Plate 
15gagar 
1 L CG (Bio101, U. S. A.) or LB medium and autoclaved 
NZY Medium 
10g NZ amine 
5 g NaCI 
5 g bacto-yeast extract 
2 g MgSO4.7H2O 
made up to 1 L with ddH2O and autoclaved 
NZY or CG Top Agarose 
7 g agarose 
1 L NZY or CG (Bio101，U. S. A.) medium and autoclaved 
Denaturation Buffer ‘ 、 
1.5MNaCI 
0.5 M NaOH 
« ” • » — 
卜>^  * -
Neutralization Buffer “ 
1.5MNaCI 





2% gelatin solution 
made up to 1 L with ddH2O and autoclaved 
2.1.1.9 Polymerase Chain Reaction 
PCR Reaction Mixture (for Thermoprime^'"^ DNA Polymerase) 
‘18 
2.5 mM MgCI2 
1X Reaction buffer 
1 unit Thermoprlme '^"® DNA Polymerase 
100 ng of each of the primer 
2 i^l DNA tempJate 
， made up to 50 or 100 ^1 with autoclaved ddH2O 
Deoxyribonuc!eotide (dNTP) mix (10 mM): 
20 ^1100 mM dATP (Pharmacia) 
20 ^1100 mM dTTP (Pharmacia)— 
20 i^1100 mM dCTP (Pharmacia) 
20 i^l 100 mM dGTP (Pharmacia) 
120 [i\ autoclaved ddH2O 
2.1.1.10 Transformation of E. co// Competent Cell 
lsopropylthio-p-D-galactoside (IPTG) 
2 g IPTG 
added with 10 ml H2O and sterilized by filtration 
5-bromo^-chloro-3-indoyl-p-D galactoside (Xgal) 
200 mg Xgal 
Dissolved in 10 ml dimethylformamide and store at -20°C in dark 
2.1.1.11 Nucleotide Sequence Determination 
Acrylamide solution (20 %): 
96.5 g ofAcrylamide 
3.35 g of Methylene-bis-acrylamide ' 
233.5 g of Urea 
100 ml of5XTBE ？ 
made up to 500 ml with ddH2O and filtered 
• ” f • • 
Urea mix: 、 
233.3 g Urea 
100 ml of 5X TBE buffer 






2.1.2. List of Primers 
2.1.2.1 Primers used for Nucleotide Sequence Determination 
: 
Reverse primer: 5' AAC AGC TAT GAC CAT G 3' 
Universal primer: 5' GTA AAA CGA CGG CCA GT 3' 
V • • 
T3 primer: 5' AT t AAC CCT CAC TAA AG 3' 
身 、 “ .A -
丁7 primer: 5' AAT ACG ACT CAC TAT AG 3' 
2.1.2.2 Primers Used for First Strand cDNA Synthesis and 3，RACE 
PCR (Frohman et al.，1988) 
RACE-T: 6' CCG AAT TCT CGA GAT CGA TTT TTT TTT TTT TTT TTT 
3, 
2.1.2.3 Primers Used for Actin cDNA Amplification 
ACTIN3:5，ATC CAC ATC TGC TGG AAG GT 3' 
ACTIN5:5' TCA CCA ACT GGG ATG ACA TG 3' 
2.1.2.4 Common Carp MT Gene Specific.Primers: 
MTR: 5，CAT CAC GTT GAC CTC CTC AC 3， 
MTS: 5' AAT GGA TCC TTG CGA TTG CG 3' 
‘ , • « • 
MTP3: 5，TTG TAG GCA AAG TAC ATT GCA 3, 
MTRP: 5，CCA TTT TTC TCA AGA GTC CGC TGG 3’ 
MTRP2: 5' CCC TTA AAA GTC TCG CTT CAC TCG A 3， 
MTRP3: 5，CTA AAG AGC GGC ACG AGG TCG TG 3， 
: 20 
2.1.2.5 Teleost CYP1A Specific Primers 
PAT1: 5’ GGG TTT/C CTG TGGrT ACG/A CAG TAG TTA/G ACC GT 3, 
PAT2: 5' ATC TGT/C GGN ATG TGC TTT/C CGA/G CGC TAC 3' 
PAT3: 5' ACA/G CAG AAG TAG TTA/G GTC ACC GTC 3’ 
PAT5: 5’ ATT GAT/C CAC TGT/C GAG GAC AGG AA 3' 
‘ • ；» • 
2.1.2.6 Common Carp CYP1A Specific Primers 
CCYP8: 5, GAG CGA CGA GTT CGG GAA GAT CGT 3， 
CCYP9: 3，AGC GAC GTG TCT TTA GAC GTA CAG 3' 
- > • 
2.1.2.7 Primers/Cassettes for the Cloning of 5, Upstream Regions of 
MT Genes 
S9i/3A1 Cassette. 
5 ' OH-GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGA 3 ' 
3 ' CATGTGTAACAGCATTCTTGCGCATTATGCTGAGTGATATCCCTCTAG-OH 5 ' 
Hind II! Cassette: … … ， , 
5 ' OH-GTACATATTGTCTGGAGAACGCGTAATACGACTCACTATAGGGAGA 3 
3 ' CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCTCTTAA-OH 5 
C1: 5' GTACACTATTGTCGTTAGAACGG 3，. 
C2: 5，TAATACGACTCACTATAGGGAGA 3， 
2.1.3Accession Numbers of Selected P450s and MTs Nucleotide and 
Amino acid Sequences in the Genebank 
2.1.3.1 MTs of Different Teleost Species 
Species Accession Number 
Atlantie cod U08105 (cDNA) 
Goldfish、 S75039 (cDNA) 
Pike “ X59392 (cDNA), X70072 (gene) 
Plaice X56743 (cDNA) 
Rainbow trout MTA M18103 (cDNA), X81081 (gene) 
Rainbow trout MTB M18104 (cDNA), M22487 (gene) 
Stone loach X59393 (cDNA), X70043 (gene) 
— Tilapia S75Q42 (cDNA) ： 
‘21 
«1 
2.1.3.2 MTs of Other Vertebrate Species 
Species Accession Number : 
Chicken MTI X06749 
Frog MTI X69380 
Human MTIA K01383 
Human MTIIA J00271 
Human MTIII M93311 
Human MTIV : 。 / U07807 
Mouse MTI . J00605 
Mouse MTII K00236 
Mouse MTIII M93310 
Mouse MTIV UQ78Q8 •• . . “~~~~~"~~~~"~~"~ 
2.1.3.3 P450s of Different Teleost Species ^ 
Species Accession Number 
Atlantic tomcod CYP1A1 L41886 -> 
Butterfly fish CYP1A1 U19855 
Plaice CYP1A1 X73631 
Rainbow trout CYP1A1 S69277 
Rainbow trout CYP1A2 S69278 
Rainbow trout CYP2K1 L11528 
Rainbow trout CYP17 X65800 
Scup U14162 
Toadfish . U14161 
2.1.3.4 CYP1s of Different Mammalian Species 
Species Accession Number 
Guinea Pig CYP1A1 D11043 
Guinea Pig CYP1A2 U23501 
Hamster CYP1A1 D12977 
Hamster CYP1A2 D10252 
Human CYP1A1 K0319.1 
Human CYP1A2 M55053 
Human CYP1B1 '.-— U03688 
Mouse CYP1A1 、 Y00071 
Mouse CYP1A2 、 X00479 
Mouse CYP1B1 U03283 
Rat CYP1A1 M26126 
Rat CYP1A2 K02422 
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2.2.1 Preparation of Plasmid DNA 
• ， -
« t ‘‘ 
For small scale plasmid preparation, the method of alkaline lysis 
described by Sam6rook et al. (1989) was used. The plasmid containing 
^ 
bacterial cells were subsequently added with Solution I，Solution II and 
Solution III and the plasmids were precipitated and then resuspended in 
autoclaved distilled water. The plasmid DNA prepared in this method is 
suitable for restriction enzyme digestion but not for DNA sequencing as RNA 
contamination would interfere sequencing reaction. > 
For large scale plasmid preparation, a commercial kit Magic^^ Macipreps 
(Promega) was used. RNA contamination is prevented by RNase treatment 
and the plasmid DNAs are subsequently adsorbed on resin and eluted by 
preheated autoclaved distilled water. This method allows the purification of 
relatively large amount of plasmid DNA which is suitable for mapping of 
restriction enzyme sites, subcloning and DNA sequencing. Plasmid DNA 




2.2.2 Preparation of Genomic DNA 
> • • 
内 *-
•• ‘ *'"v 
Genomic DNA of common carp was prepared according to the method 
described by Scott et al. (1985). In brief, testis tissue (0.5 g) from common 
carp was homogenized in 40 ml Grinding Buffer with the presence of liquid 
nitrogen. Proteins were removed by overnight proteinase K (Boehringer • 
Mannheim) treatment followed by phenol-chloroform extraction. Genomic 
DNA was precipitated by adding 10 M ammonium acetate (0.2 volume) and 
ethanol (2 volume). The precipitated DNA was washed by 70% ethanol and 
dissolved in TE buffer. The purity and quantity of the genormc DNA was 
determined by the ratio of O.D.26oto O.D.28o. 
‘23 
2.2.3 Purification of Total RNA 
i . 
Total RNA from different tissues of juvenile and adult common carp was 
% .1 
prepared according to Chomcznski and Sacchi (1987) or using TRIzol™ 
Reagent (Life Technologies). The amount of tissues used was 80 to 150 mg 
0 
except for muscle (1 g tissue was used instead). 
Tissues were homogenized in 1 ml of Extraction Buffer or (for muscle, 10 
ml Extraction Buffer was required) by Dounce homogenizer until a uniform 
suspension was obtained. Total RNA from each of the tissue was extracted 
from the homogenates by 1 volume of Tris-saturated phenol and 0.2 volume 
of chloroform: isoam!y alcohol mixture (49:1) in the presence of 0.2 M NaOAc 
(DEPC-treated, pH4). The RNA was precipitated with isopropanol at -20。C 
and washed with 70% ethanol. The RNA pellets were redissolved in 
Extraction Buffer, precipitated by isopropanol and washed with 70% ethanol 
once more. 
Alternatively, the tissues were homogenized with 1 ml T R I z o l ^ Reagent. 
» 
Total RNAs were extracted with 0.1 volume of 1 -bromo-3-chloropropane 
(BCP) and precipitated by adding 1 vplume of isopropanol and then washed 
by at least 1 ml 70% ethanol. BCP is a better phase separator than 
t • • 
chloroform. ’ ，〜 
In both methods, the total RNA samples were dissolved in 50 i^l DEPC-
treated distilled water (for total RNAs from livers, 200 ^1 DEPC-treated 
distilled water was used). The quaritities of the total RNA samples were 
determined by the ratio of O.D260 to O.D.280 The total RNA samples could be 




2.2.4 Restriction Enzyme Digestion 
Restriction enzyme digestion of DNA was carried out in a volume of 10 to 
200 …reaction in a recommended buffer. The reaction mixtures were 
incubated at 37 ^C for at least 3 hours. The digested DNA fragments were 
mixed with gel loading buffer and resolved on agarose gel in IX TAE buffer. 
着 
2.2.6 Capillary Blotting of DNA (Southern Blotting) 
j 
DNA fragments were transferred on to Hybond-N Nylon membrane 
(Amersham) via capillary action using semi-dry capillary blotting, alkaline 
transfer or SSC transfer. 
2.2.5.1 Semi-dry Capillary Blotting 
Agarose gels were soaked in 0.4 M NaOH/0.6 M NaCI (30 min) and then 
neutralized in 1.5 M NaCI/0.5 M Tris (pH7.5) (30 min). DNA fragments were 
transferred via capillary action on to nylon membranes which were prewetted 
in 10X SSC and then fixed with UV crosslinking using UV Crosslinker 
(Fotodyne). 
‘ � •» ,. 




This method is done according to a protocol from Amersham. DNA 
fragments in the agarose gels were denatured in 1.5 M NaCI/0.5 M NaOH for 
30 mimjtes and then transferred via capillary action on to nylon membrane 
with the presence of alkaline transfer buffer (1.5 M NaCI/0.25 M NaOH). 




2.2.5.3 Transfer of Digested Genomic DNA on to Nylon Membrane 
(SSC Transfer) 
• . 
Common carp genomic DNA was digested with different restriction 
« enzymes (10 units/^ig genomic DNA) and the digested genomic DNA 
'.. ‘ 
fragments are resolved on 0.7% agarose gel in 1X TBE buffer at 50V. 
Genomic DNA fragments were depurinated into smaller fragments with 0.2 M 
HCI treatment (30 minutes). DNA fragments were denatured and 
neutralized by1.5 M NaCI/0.5 M NaOH (30 minutes) and 1.5 M NaCI/1 M Tris 
(pH 7.4) (30 minutes, two times), respectively and then transferred on to nylon 
membrane via capillary action in 10X SSC. DNA fragments were fixed with 
UV crosslinking using UV Crosslinker (Fotodyne). 
2.2.6 Capillary Blotting of Total RNA (Northern Blotting) 
Total RNAs (10 to 20 ^g in 5 to 10 ^i) from different tissues were mixed 
with 10 ^1 formaldehyde, 3 [i\ formaldehyde gel-loading buffer (with EDTA and 
dyes), 2 ^1 ethidium bromide and 2 ^1 10X MOPS and then resolved in 
formaldehyde agarose gel. Formadehyde was washed away by soaking 
with 2X SSC (DEPC-treated). The RNAs were then transferred on to nylon 
membrane in 10X SSC (DEPC-treated)':: RNAwas fixed with UV crosslinking 
using UV Crosslinker (Fotodyne). 
« • • 
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‘‘-V 
2.2.7 Radioactive Labeling of Nucleic Acid Probes 
DNA fragments from agarose gels were purified using Sephaglas^^ 
• BandPreq Kit (Pharmacia). DNA fragments were labeled with a-^^P-dCTP 
(PB10205, Amersham) by using Nick Translation Kit (N5000) (Amersham). 
The unincorporated a-^^P-dCTP was removed by Sephadex G-50 spun-
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Nylon membrane was pre-hybridized in 1X Hybridization buffer (5X SSC, 
1 % SDS and 5X Denhardt's solution) at 65°C with the presence of calf thymus 
DNA (100 |Lig/^l) for 1 hour. Hybridization was carried out at 65。C for 16 
hours in the same Hybridization Buffer with the denatured ^^P-Iabeled probes. 
、 Alternatively, nylon membrane was pre-hybridized in Rapid Hybridization 
Buffer (Amersham) at 65°C for15minutes and then hybridized with denatured 
32p-|abeled probe for 2 hours. After hybridization, the membrane was 
washed with 2X SSC/0.1 % SDS at room temperature once and at 65 °C twice. 
Autoradiography was carried out with either Kodak XOmat-AR film or Kodak 
BioMax film. 
2.2.9 Library Screening 
2.2.9.1 Construction of Liver cDNA Library of Adult Common Carp 
The cDNA library was purchased from Stratagene. The cDNA library 
was made from the liver tissues of 3 adult male and 3 adult female common 
» 
carps. The cDNAs with average insert size of 1.0 kbp were unidirectionally 
cloned into the EcoR I (5，）and Xho I (3^ sites of Uni-Zap™XR Vector. 
r •• 
2.2.9.2 Preparation of Plating Gells 
XL-1 Blue bacterial cells were grown in either CG or LB medium 
containing 0.2% maltose/10 mM mgSO4 at 30°C for 16 hours. The bacterial 
cells were centrifuged down and resuspended in 10 mM MgSO4 (O.D.eoo = 
0.6). 
2.2.9.3 Phage Tittering 




serial dilution. F i v M o f each ofthephagedilution wasincubatedwith100 
…plating cells at 37-C for 15 minutes and then spread on agar plate (QG 
medium) with NZY or CG top argarose. The plates were incubated at 37^G 
for 6 to 8 hours and the plaques forming unit (p.f.u.) were determined. 
、 i 
2.2.9.4 Primary Screening 
-• 
The library was plated out at a concentration of 30.000 p.f.u. per agar 
plate (CG medium). Duplicated filter lifts were made for each plate and the 
positions were fixed with needle punctures. The filter lifts were transferred 
to Denaturation Buffer (0.5 M NaOH/1.5 M NaCI，2 min). Neutralization Buffer 
(1.5 M NaCI/1MTris-CI (pH7.5). 2 min) and Washing Buffer (2X SSC, 1 min). 
DNA was crosslinked with the membrane under UV. The filter lifts were 
hybridized with suitable probes and autoradiography was performed for 1 to 4 
days at -70。C. Plaques from positive duplicated signals were picked up and 
diluted with SM buffer for secondary screening. 
2.2.9.5 Secondary Screening 
Plaques from primary screening were titered and about 50 p.f.u. were 
spread on a CG agar plates with CG.or NZY-top agarose. Filter lifts were 
hybridized again with the same DNA probe used in primary screening and 
plaques from positive signals 卿 picked up and resuspended in 500 nl SM 
buffer and 20 ^1 chloroform. 
2.2.9.6 Conversion of Phage DNA to Phagemid by in vivo Excision 、- , 
Plating cells (200 …)，phage stock from secondary screening (100 ^ll) and 
1 …R408 helper phage (greater than 10^ p.f.u./ml) were incubated at 37。〇 
for 15 minutes and then grew in 5 ml CG medium at 37°C for 3 hours. Heat 
— treatment (70 °C, 15 minutes) selectively killed the bacterial cells but the 
filamentous phage particles containing phagemids were not affected. The 
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. c e i l debris was removed by centrifugation and the phagemids in the 
supernatants were rescued by incubation with plating cells. Bacterial cells 
containing pBluescript SK double strand phagemid were resistant to 
ampicillin and they can grow in the CG-plate with the presence of ampicillin. « t '.' 
Bacterial colonies were picked up for analysis. 
'v.' / 
2.2.10 First Strand cDNA Synthesis 
First strand cDNA pools were prepared from 5 ^g total RNA from the liver 
of a male adult common carp using a cDNA synthesis kit (Pharmacia) with 
some modification. Total RNA samples were denatured at 65。C and chilled 
on ice. First Strand Synthesis Mix (Pharmacia) containing 100 ng RACE-T 
primer (Frohman et al., 1988) and 1 \x\ 200 mM DTT was then added to each 
of the RNA sample in a final volume of 15 ^il. The reaction mixtures were 
incubated at 37°C for one hour and then diluted to a volume of 50 i^l and kept 
at -20。C. 
2.2.11 Polymerase Chain Reaction 
* 
PTC-100 Thermal Cycler (MJ Reaearch, USA) was used for performing 
PCR. Each of the 50 or 100 i^K reaction mixture contained 1 unit 
Thermoprime^'^ DNA Polymerase, two …DNTA temp|ates, 100 ng each of the ,•_ 
PCR primers, 0.2 mM deoxyribonucleotide (dNTP) (Pharmacia) in 
recommended buffer. The PCR conditions were 25 or 30 cycles of (1) 92°C, 1 
minute; (2) 55。C’ 2 minutes; and (3) 72。C’ 3 minutes. Any change in the 
PCR conditions would be specified. The template DNA may be first strand 
cDNA (0.1>g mRNA/^il) from library screening (Section 2.2.9)，genomic DNA 
from different teleost species (approximately 40 ng/pil) or phage particles from 
Section 2.9.5. PCR of the genomic DNA of different teleost species were 
also performed using PCR Master (Boehringer Mannheim) k i t . ‘ 
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2.2.12 Ligation of DNA with Linearized Plasmid 
： ‘ ‘ : -
For subcloning purpose, DNAs were digested with restriction enzymes 
capable of generating blunt ends such as Sma 丨 and EcoR V. The DNA % i 
fragments were resolved by agarose gel and purified by Sephaglas^^ 
BandPreq Kit (l^harmacia). The purified DNA fragments were iigated with 
the Sma I digested pUC18 vector by using the Ready-To-Go^^ Sma I/BAP + 
Ligase kit (Pharmacia). DNA fragments digested with EcoR I were iigated 
into EcoR I digested pUC18 vector by using Ready-To-Go^^ EcoR I/BAP + 
Ligase kit (Pharmacia). Ligation of DNA was also performed by mixing the 
DNA fragments withT4 ligase (Gibco BRL) in recommended buffer at 15°C 
overnight. 
For cloning of PCR products, the PCR products were purified by 
SephaglasTM BandPreq Kit (Pharmacia) and then Iigated into PCR^^ II vector 
(lnvitrogen) using TA Cloning® Kit (Takara). 
2.2.13 Transformation of E. coli Competent Cell 
> 
Either JM109 or XL-1 Blue competent cells were used for transformation 
of plasmid vectors. Ice thawed competent ceils (100 fil) were mixed with 
plasmid DNA containing desired insert and then kept on ice for 30 minutes. 
The bacterial 6ells were subjected to a heat shock at 42 °C for 90 seconds 
and then quickly chilled on ice for 2 minutes. The bacterial cells were 
recovered in 1 ml CG or LB medium at 37。C for 45 minutes. Ten ^1 to 1 ml of 
bacterial cells were spread on a LB or CG agar plate containing ampicillin, 20 
…100 mM IPTG and 20 i^l 2% (w/v) X-gal as selection medium. ‘ The 
bacteria of blue colonies contain plasmid without DNA insert whereas white 
colonies usually have. White colonies would be selected for plasmid 
preparation, confirmation of insert size and/ or DNA sequencing； 
• 
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2.2.14 Nucleotide Sequence Determination 
， ： • 
The sequencing reactions were performed using the dideoxynucleotide 
chain termination method with the Pharmacia T7 DNA Sequencing Kit. 
Plasmid DNA template of 2 to 10 i^g was used for the sequencing reactions. 
The sequencing reaction products were resolved on either a 6% or 8% 
denaturing polyacry!amide gel. The polyacrylamide gels were lifted on to a 
3MM paper and dried under vacuum suction. Either Kodak XOmat or Kodak 
Biomax film was used for autoradiography. SequiTherm Cycle Sequencing 
Kit (Epicentre Technologies) was also used as it can solve some of the 
compression problems. 
2.2.15 Densitometric Analysis 
For quantitation purposes, the relative intensities of the signals from the 
Northern blot (MT or CYP1As) or the negative film of the agarose gel. (18s 
rRNA) were quantified using a PC version of lmageQuaNT (Molecular 
Dynamics) software in a laser densitometer (Personal Densitometer SI, 
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3 Cloning of Common Carp MT cDNAs and Gene, and 
Induction of MT mRNA Expression 
3.1 Introduction 
3.1.1 Metals in Biological System 
Metals are necessary for all organisms to perform different types of 
cellular functions. In fact, 17 out of 30 elements essential for life are metals 
but metals are toxic to cells through different pathways and mechanisms 
(Koropatnick and Leibbrandt, 1995). A tight control of cellular metal content 
is important and therefore the principles and methods to use and metabolize 
metals are conserved throughout evolution. 
Some metals like Zn are essential ions and they are almost entirely non-
toxic to cells. Zn is required in many metalloenzymes (e. g. SOD), 
transcription factors (e. g. zinc-finger proteins such as metal responsive 
transcription factors, MTF-1, which will be discussed later), and cytosolic 
receptors (e. g. steroid hormone receptors, Tsai and 0'Malley, 1994). Some 
metals are essential to cells but are toxic under certain circumstances. They 
include Cu (essential cofactor for many oxidative enzymes), cobalt (cofactor 
for vitamin B12), manganese (cofactor in some enzymes involved in 
phosphorylation, cholesterol and fatty acid synthesis), iron (heme synthesis) 
and molybdenum (cofactor for xanthine oxidase and aldehyde oxidase, and 
required in nitrogen fixing enzymes). Finally, metals like Cd and mercury 
have no known function but are extremely toxic to cells. Metal poisoning has 
been well documented {Sorensen, 1991; Goyer and Cherian, 1995) and 
heavy metals would be carinogenic (Ni. Pb, Cd) and cause renal dysfunction 
(Cd), neurotoxicity (tetraethyllead, methylmercury), hepatomegaly (As) and 





MT is a superfamily of low molecular mass, cysteine rich and metal 
chelating polypeptide present in cytoso!. MTs have been identified in a wide 
variety of eukaryotes (yeast, echinoderms, crustaceans, insects, all 
vertebrates, and plants) and some cyanobacteha (Andrews, 1990; Rauser， 
1990). MTs can be categorized into 3 classes according to the Second 
International Meeting on Metailothionein and Other Low Molecular-Weight 
Proteins (Shawlll et ai., 1992): 
Class I: Mammalian MTs with 20 cysteines and closely related MTs such as 
18-cysteine MTs of crustaceans and alignment with cysteine is 
possible. 
Class II: Polypeptides, such as yeast MTs, with locations of cysteines 
distantly related to mammalian MTs. 
Class lll:Enzymatically synthesized peptides having a general formula: 
Y-(Glu-Cys)nGly 
or poly(Y-glutamyl-cysteinyl)glycines., where n varies from 2 to 8 or 
higher, although 2 to 5 are the most common. They are variously 
known as phytochelatins and cadystins (PCs) and can be found in 
many plants and single cell organisms. 
Class I MT would be the focus in the following sections as all the MTs 
found in vertebrates belong to Class I. 
Vertebrate MTs consist of 60 to 68 amino acids without any aromatic 
amino acid residue and histidine. Among the 60 to 68 amino acid residues 
in MT, 20 of them are cysteines. These cysteines are organized in 
characteristic Cys-Xaa-Cys or Cys-Xaa-Xaa-Cys motifs (where Xaa denotes 
• anyamino acids except Cys) and dusterontwoglobular domains,a -domain 
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(C-terminal half) and the p -domain (at the N-terminal half) in MT (Andrews, 
1990). a-domain contains 11 cysteine residues which can bind 4 Cd ions 
whereas p-domain has 9 cysteine residue which can bind 3 Cd ions {Kagi and 
Schaffer. 1988). Each metal (Cd and/or Zn) is tetrahedrally coordinated by 
the sulfur atoms of the cysteine residue. A comparison of bond strength of 
the metal-MT (Petering et al., 1990) is shown as follows: 
Hg > Cu > Cd > Zn; 
Pt > Cu; 
Au 〜Cd. 
Class I MTs usually have isoforms such as human and mouse, but some 
organisms, such as chicken and many of the teleosts species (e. g. flounder 
and plaice) contain only one form so far. In mammals, MTs can be 
traditionally classified into two distinct subgroups, MTI and MTII (61 amino 
acids), according to their mobility on the anion-exchange chromatography 
(Olsson, 1993). MTI and MTII are coordinately regulated in mouse and are 
thought to be functionally equivalent {Kagi and Kojima, 1987). However, in 
some cases, such as sea urchins and trout, where the sequence is derived 
from the cDNA without knowledge of the corresponding protein elution 
patterns, the isoforms are referred as MTA and MTB. 
Recently, two other isoforms. MTIII (Palmiter et al.. 1992) and MTIV 
(Quaife et al., 1994)，were identified in mouse and human. MTlll has one 
and six amino acids inserted into the N-termninal and C-terminal of MTI and 
MTII respectively while MT IV has one insertion at the N-terminal. Unlike MTI 
and MTI1, which can be found in many uninduced and induced cell types, 
MTlll and MTIV are cell type and developmental stage-specific. MTII! 
(Palmiter et al., 1992) and MTIV (Quaife et al., 1994) appear to be restricted 
to brain and differentiated stratified squamous epithelia cells respectively and 
they are not lrkeIy to be metal inducible. In short, multiple forms of MTs exist 
in mammalian species and they may have distinct physiological functions and 
may be regulated in different ways. 
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In mammals, MT genes were shown to be tightly clustered rn the genome 
(Fig. 3.1). In mouse, the 4 MT genes are closely linked on chromosome 8 in 
a 45 kbp regions and all are transcribed in the same direction (Palmiter et a!, 
1993). West et al., (1990) showed that, in human, there is a cluster of 13 
closely linked MTI genes and one MTII gene on the region of chromosome 16 
and human MTIII was also shown to be located in that chromosome (Palmiter 
et al.,1992). The sheep MT gene family is complex, consisting of at least 
nine members, five of which are linked within a 67 kbp region of genome of 
sheep (Peterson et al., 1988). 
MTIV MTIII MTI1 MTI 
Mouse MT locus ^ _ i L_^ 1 L_^ ^ ~ ~ 
MTII MTIc MTIb MTIa iiMT\ ‘ 
K 二 K 丄 10 kbp 
Sheep MT Locus _ _ ^ _ L ^ — — ^ i — — ^ ^ 
•5 ‘ 
MTIe M/MTlc y M T b MTU MTIp MT\Q 
Human MTI locus _ ^ _ | 1 ^ - ^ ^ ^ 
(Not to scale) 
Fig. 3.1 MT Loci of the Mammalian Species 平 indicates pseudogene 
(Adapted from Andrews, 1990; Peterson et al., 1988). 
Vertebrate MT genes have a remarkable conservation of tripartite 
structure. The MT mRNA coding region is interrupted by two introns that 
vary substantially in length and nucleotide sequence, but the site of 
interruption are conserved from trout to human (Gedamu et al., 1993) The 
first exon contains the 5'-untranslated region and the region coding for the 
first few amino acid of the p-domain. The second and third exons encode 
the remainder of the p-domain and the a-domain respectively. The end of 
exon 2 is also conserved in coding for a serine residue which" acts as a hinge 
for the two globular domains (Fig. 3.2). 
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r * M 252 ^ ^ 143 ~ ~ ~ ^ ^ 
Mouse MTI1 | II IH 
• A 
Gly Ser 
92 66 230 
r ^ ^ l 8 L _ r ^ ; 腳 
Chicken MT » ” " \ ^ 
• A 
Gly Ser 
100 6 6 ’， 2 0 2 
Trout MTB ~ ~ , ~ ~ _ _ ^ ^ ^ ^ ^ " 1 ^ " | ^ ^ / / H lli — 
~ ~ A • 
• Transcription Start Site A Translation Stop Site 
Fig. 3.2 Conserved Tripartite Structure of MT Genes. The numbers 
indicate the size of MT introns and exons in base pairs. The amino acids 
interrupted by the placement of the introns are also indicated as i . (Adapted 
from Andrews, 1990) 
3.1.2.1 Functions of MTs 
Although MTs have been discovered for 3 decades since 1957 by 
Margoshes and Va!lee (1957)，their physiological functions are still not clear. 
However, in general, it is believed that MTs are involved in (1) metal 
detoxification; (2) free radical detoxification; (3) homeostasis of essential 
metals. 
MTs are inducible by a number of heavy metal ions. Together with the 
conservation of metal binding motifs found in different types of organisms for 
heavy metal binding, a standard negative feedback control loop for heavy 
metal detoxification is formed (Fig. .3). MTs were suggested to have rescue 
function (Huang, 1993) for the proteins which have been structurally impaired 
- b y inappropriate metal-binding (Fig. 3.3). Therefore, MTs are believed to 
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play a role in metal detoxification. It is supported by the fact that cells 
overexpress MT are more resistant to metal ion toxicity in bacteria (Hou et al., 
1988)，plants (Misra and Gedamu, 1989) and mammalian cells culture 
(Freedman and Feisach, 1989; Frazier and Din, 1987). On the other hand, 
the loss of Cu-thionein in yeast (Thiele et al., 1986) and disruption of MTI and 
MTII genes in mouse (Masters et ai., 1994) were shown to increase the 
susceptibility to Cu and Cd in the two organisms studied respectively. In the 
MTI and MTII knock-out mice, MT is likely to detoxify heavy metals such as Cd 
by sequestering the metals and elimination of metals from organs like liver and 
kidney (Liuetal., 1996). 
眷 # 
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Heavy Metal Rescue ofImpaired >^  I 
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I 
Fig. 3.3 Schematic Presentation of Heavy Metal Sequestratidn and 
Rescue of ImpairedMetalloproteins by MT Abbreviation: TF, transcription 
factors; lnh, inhibitor; ZnBP, Zn binding protein. 
‘37 
On the other hand, similar to some free radical scavengers like 
glutathione, MT has multiple sulfhydryl groups. Together with the 
inducibility of MT by some oxidative chemicals (Bauman et al., 1991), it is 
believed that MT can serve as an intracellular free radical scavenger and 
protecting the cells from damaging by ionizing radiation or alkylating agents 
(Lohrer and Robson, 1989; 1988; Kaina et al.’ 1990). Although the MTI and 
MTII null mice model showed that cells were more sensitive to oxidative drugs 
(Knodo et al., 1995)，care should be taken for concluding that the induction of 
MT is involved in protecting cells from oxidative stress, as some of the MT 
inducers also affect some of the putative antioxidant systems (lszard et al., 
1995). 
MTs are also shown to take part in trace metal homeostasis at particular 
stage. Firstly, MT is involved in the control of metal absorption, ln Zn-
deficient animals, which absorb Zn with high efficiency, little MT is present in 
the intestinal mucosa to limit Zn transfer to the plasma (Cousins, 1985). 
MTs have also been suggested to act as a cellular acceptor and donor for 
essential metals, specifically Zn and possibly Cu. Apo-MT is able to remove 
Zn from zinc-finger transcription factor Sp1 to form Zn-MT and decrease the 
transcription of Sp1 regulated genes (Zeng et al., 1991). In addition, apo-
metalloenzymes can also be activated by the addition of Zn-MT (Cherian and 
Chan, 1993 ). These results suggested that the exchange of metal ions 
between MT and other metal binding proteins play important role in 
maintaining cellular functions. 
One of such function 3ppear to be regulated by MT is cellular 
development. MT is deveIopmentally regulated and its expression is 
observed in the early embryonic stages in sea urchins (Nemer et al., 1991), 
trout (Olsson et aI., 1990b) and mice (Andrews et al., 1991). In contrast, the 
results showed in Cu-thionein knock-out yeast and MTI and MTII knock-out 
mice (Masters et ai., 1994) strongly suggested that MTs are not essential for 
-developmental processes. However, in the gene knock-out experiments, 
whether the role play by MT during development is replaced by other 
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unidentified MT or other MT-Iike proteins is not known. In fact, the discovery 
of MTIII and MTIV in mouse and human is a breakthrough in MT study as their 
functions appear not to be related metal detoxification. MTIII is a growth 
inhibitory factor in human brain tissue (Uchida et al.. 1991) and is down-
regulated in Alzheimer's disease (Tsuji et al. 1992). MT IV is only expressed 
in differentiating cells of stratified squamous epithelia (Qualife et al., 1994). 
These results suggest the role of MT in development. 
3.1.2.2 Regulation of MT Expression 
MT can be induced by diverse extracellular stimuli such as heavy metals 
and xenobiotics exposure, different forms of irradiation and oxidative stress 
(Table 3.1). Among these inducers, heavy metals are the most potent and 
A 
extensively studied ones. 
The efficacy of induction of MT by different heavy metals was studied 
(Durnam and Palmiter, 1984) in mouse hepatoma cell line and the 
descending order of induciton is: 
Cd - Ag ~ Hg > Zn > Cu > Ni 〜Co 〜Bi. 
The rate of degradation of MT protein is dependent on the type of metal 
bound. The half-life of Cu-MT, Zn-MT and Cd-MT are estimated to be 12-16, 
20 and 70-90 hours, respectively (Petering et al., 1990). 
The induction of MT by heavy metals involves specific transcription factor 
known as metal regulatory transcription factors (MRFs) and one of the 
characterized MRFs in mammalian system is MRE-binding transcription 
factor (MTF-1) (Westin and Schaffner. 1988). MRE, or metal responsive 
element, is cis-acting enhancer present in multiple copies at the 5'-flanking 
region in both orientations of all MT genes to date (Thiele, 1992). MRE has 
a consensus sequence as ,-TGCRCnC-3, in all MT genes studied so far. 
Although other regulatory elements such as Sp1, AP1 and. AP2, are also 
.present in the promoter regions of many MT genes, metal-inducible 
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transcription of MT can only be mediated by MREs (Mueller et al., 1988). 
Table 3.1 Inducers of MT (modified from Kagi, 1991) 
Heavy Metals 
Cd. Zn, Cu, Au, Co. Ni, Bi. Hg, Ag 
Hormones and Second Messengers 
Glucocorticoids, Progesterone, Catecholamines, Glucagon, Angiotensin 
11, cAMP. Diacylglycerol Calcuim 
Growth Factors 
Serum factors, Insulin, Insulin-like growth factor-l, Epidermal Growth 
Factor 
Inflammatory agents and cytokines 
Lipopolysacchahde (LPS), Carrrageenan, Dextran，Endotoxin 
lnterieukin-l, lnterleukin-6, lnterferon-g. Tumor necrosis factor 
Tumor Promoters and Oncogenes 
Phorbol esters, ras, sis 
Vitamins 
Ascorbic acid, Retinoate, 1a,25-Dihydroxymitamin D3 
Antibiotics 
Streptozoticin, Cycloheximide, Mitomycin 
Cytotoxicagents 
Hydrocarbons, Ethanol. Chloroform, EDTA, Acetaminophen, 
lodoacetate, 
Butyrate, Carbon tetrachloride, Bromobenzene 
Stress-producing Conditions 
Starvation, Inflammation, Laparotomy, X-irradiation. Oxygen-tension, 






；： Mouse and human MTF-1 (Fig. 3.4) were recently cloned and found to 
叙 
I have six zinc-fingers similar to RNA polymerase itl transcription factor TFII!A 
‘ (Cys2HiS2) at the N-terminal (Radtke et al., 1993;Brugnera et al., 1994). The 
zinc-fingers are involved in binding to DNA and zinc-finger 1 to 3 are more 
important for MREd (the most potent metal-responsive element in vivo and is 
occupied in vivo in cells not exposed to exogenous Zn in mouse MTI promoter) 
binding than fingers 4 to 6 (Radtke et al., 1995). Therefore, it is suggested 
that MTF-1 might recognize different MRE sequences with different sets of 
fingers. In addition, three possible transcriptional activator domains with 
high densities of acidic amino acids, proline and serine/threonine were 
present at the C-terminal. In the model of MTF-1 gene knock-out mice, 
MTF-1 was shown to be essential for basal and Zn-induced transcription 
(Heuchel et al., 1994) while the zinc-finger domain, acidic and proline-hch 
domains can contribute to the metal inducibility of target genes (Radtke et al.， 
1995). 
D N A b i n d i n g T r a n s a c t i v a t i o n D o m a i n 
d o m a i n 
S e r i n e / 
P r o l i n e - t h r e o n i n e 
Z i n c f i n g e r A c i d i c r i c h " c h 
d o m a i n r e g i o n r e g i o n r e g i o n 
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Fig. 3.4 Structure of MTF-1 
DNA methylation was previously shown to decrease the MT gene 
expression. Cytosine methylation can reduce the transcription of MT genes 
from a number of cell lines such as mouse (Beach and Palmiter, 1981) and 
rainbow trout (Price-Haughey et al., 1987) whereas demethylation can rescue 
the MT gene from inhibition (Lieberman et al., 1983). A recent research 
revealed that methylation of the first and last cytosines (underlined) of the 
‘ …」. MRE consensus sequence would decrease the _binding qf MTF-1 to MRE 




However, in the same report, binding of MTF-1 to MREd is not affected by 
methylation. Therefore, the binding of MTF-1 to MRE can be both methylation 
sensitive and insensitive, depending on the particular binding site (Radtke et 
I 
al., 1996). 
Although MTF-1 has been characterized in mouse and human, the 
mechanism of activation of MT gene transcription by MRFs' is still unclear. 
Previously, it was believed that the transcriptional activation of MT gene is 
similar to that of the yeast (Roesijadi, 1996), i. e. the increase in intracellular 
Zn ion concentration would activate MRF to DNA binding competent form and 
therefore increase the occupancy of the MREs by MRF. The activation of 
MRF is likely due to Zn binding to zinc-finger binding sites (Otsuka et al., 
1995). The MRE-bound MRFs would act cooperatively to bring about high 
, transcription rate of MT genes {allosteric model as proposed by Heuchel et al.’ 
1995). This model can explain the direct Zn activation of MRF to DNA-binding 
form but failto illustrate how MT gene transcription can be activated by other 
heavy metal ions which do not activate MRFs directly (Minichiello et al., 
1994). 
A different model has been proposed that MT gene expression is 
regulated by Zn-mediated release of an inhibitor that is bound to a 
constitutively-active transcription factor in uninduced conditions (Heuchel et 
al.. 1995; Palmiter, 1995; Roesijadi, 1996). This model is supported by 
some recent works on mouse MTF-1 that nuclear factor(s) is/are likely to be 
involved in the Zn-inducible transcription of MT gene by MTF-1 (Heuchel et 
al., 1995; Palmiter, 1995), although the factor(s) involved has not been 
characterized. It is also possible that MRF would interact with unidentified 
coactivator. which is activated by increase in intraceIluar Zn concentration, to 
fully induce transcription (Heuchel et al., 1995). However, the inhibitor and 
coactivator model still cannot explain the induced MT gene expression by 
... . .• . —,.. ....... . . ： •. -. —.• — -. - .. - - .. • - — - •  •  - - - • • •• _*—' _.~ ••—；- —-- -- • —•— • -*' - .,~~—.-~ — •-- . - ”严 • •. - •"~«" 
other heavy metals. 
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The mechanism of activation of MT gene transcription by other heavy 
metals is suggested by Palmiter (1995) and Roesijadi (1996). In this model, 
the metal binding sites of Zn binding proteins would have higher affinity to 
other heavy metals like Cd and Hg. The entrance of other heavy metals into 
cell would displace the Zn from the metal-binding sites of Zn binding proteins 
and results in an increase in intracellular Zn concentration. The increase in 
availability of Zn to the inhibitor would release the MRF from inhibition and 
activate MT transcription. The newly synthesized Zn-MT would rescue the 
impaired Zn-binding proteins as discussed earlier (Fig. 3.3). The actual 
mechansim of the 3ctiv3tion MT gene transcription, especi3lly in the non-
mammalian species, is required of more research to clarify. 
Apart from MREs, some other enhancers are found in the promoter of MT 
genes. Sp1, AP1 and AP2 sites are the most common enhancers found in 
many MT promoters. Sp1 is a zinc-finger transcription factor that is 
available and involved in controlling many of house-keeping genes (Courey 
and Tjian, 1988). AP1 and AP2 are components of the signal transduction 
pathway for protein kinase C and protein kinase A respectively. The 
elements responsible for basal expression of MTIIA gene in human, namely 
basal level element 1 (BLE1) and BLE2 were shown to interact with activator 
protein 1 (AP1，Lee et al., 1987) and activator protein 2 (AP2； lmagawa et al., 
1987) sites respectively. AP1 is a heterodimer of c-Jun and c-Fos or other 
AP-1 family members through the leucine zipper motifs while AP-2 is a 
member of the helix-span-he!ix (HSH) family which binds DNA upon 
dimehzation (Mitchell and Tjian, 1989; Wingender, 1993). 
Some hormone and growth factor responsive elements can also be found 
in MT promoter (glucocorticoid responsive element, GRE, in human MTI 
promoter; GRE and nuclear factor interleukin 6, NF-IL6, in rainbow trout MTA 
promoter (Olsson et al., 1995a). Presently, antioxidant responsive element 
(ARE), is found in the MT promoter regions in organisms from C. elegans to 
..human (Dalton et al., 1994). However, the factor that bind to ARE has not — 
yet been characterized. 
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3.1.3 Fish MTs 
The presence of MT in teleost was first indicated in goldfish and since 
then a number of MTs from different teleost species were characterized 
(reviewed by George and Olsson. 1994). Only one isoform was detected in 
marine flatfish (e. g. dover sole, plaice, turbot. winter flounder) and in some 
freshwater fish, stone loach and pike. Common carp, eel, perch, 
scorpionfish and skipjack tuna were shown to have two MT isoforms 
(reviewed by George and Olsson. 1994). The cDNA sequences of some 
teleost species including rainbow trout (Hong and Schartl. 1992; Bonham et 
ai., 1987; Zafarullah et al., 1988; Kille et aI., 1991)’ winter flounder (Chan et 
al.' 1989), stone loach (Kille et al., 1991). pike (Kille et al., 1991). tilapia 
(Chan, 1994), goldfish (Chan. 1994), cod (McNamara. 1994) and a number of 
fish species from Kille and Olsson (unpublished data. Genebank Accession 
Number X97269-X97278) were obtained. 
All teleost MTs are class I MT and contain 60 amino acids, except the 
rainbow trout and Atlantic salmon MTA, which has an additional alanine 
inserted in the flexible hinge. Up to now, only salmonid species were 
reported to have two MT cDNAs sequences (MTA and MTB) but their 
relation to the MT proteins separated in SDS-PAGE is still unclear (Bonham 
et al.. 1987; Kille and Olsson. unpublished data. Gene Bank Accession 
Number X97274and X97275). Channel catfish was also shown to have two 
forms of MT mRNAs and proteins, but their nucleotide and amino acid 
sequences have not been determined (Zhang and Schlenk.1995). Although 
the mammalian and teleost MTs have very similar structures, they showed 
low cross-reactivity (Kito et al., 1986; Olsson. 1993). 
The DNA sequences of MT genes and their promoters of rainbow trout 
MTA (Hong and Schartl. 1992; Olsson et a!.. 1995a) and MTB (Zafarullah et 
ai., 1988). pike and stone loach (Kille et al.. 1993), and the promoter of 
, sockeye salmon's MTB (Chan and Devlin, 1993) were determined. Teleost 
」MT genes and mammalian MT genes show some resemblances: (1) tripartite 
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gene structure; (2) conservation of cysteine residues; (3) present of multiple 
MREs in their 5' flanking regions. 
TeIeost MTs can be induced by a variety of heavy metal Ions. However, 
unlike mammals, in vivo and in vitro study showed that teleosts are most 
sensitive to Zn, following by Cd and then Cu (Zafarullah et al., 1989). In 
flounder, the order of MT mRNA inducibility by Cd appeared to be greater 
than Hg, Pb and Cu (Chan, et al., 1989). The time course of metal-induced 
MT expression is temperature dependent, with faster MT mRNA induction at 
higher temperature at the range from 6°C (192 hours) to 20°C (1-3 hours) 
(Olsson, 1993). The MT gene expression in the extrahepatic tissues 
received relatively little attention than the liver, but the tissues like spleen, 
kidney, gill (Zafarullah et al., 1989; George et al., 1996) were shown to have 
induced level of MT protein and mRNA expression after intraperitoneal (i.p.) 
administration of Cd. 
In teleost, MTs can be induced under certain stressful conditions. For 
example, starvation was shown to induce the MT mRNA expression in Atlantic 
cod larvae (McNamara and Buckley, 1994). The distal region of rainbow 
trout MTA gene was found to be functional in promoting gene transcription 
following exposure of RTH-149 cells to hydrogen peroxide (Olsson et aI., 
1995a). It is interesting that in this region, at least three incomplete AREs 
sequences (Dalton et al., 1994) were identified: 
5'-GTGACnnnnn-3' (ARE-Iike sequence in rainbow trout MTA gene) 
5'-GTGACnnnGC-3' (ARE consensus sequence) 
Cortisol and corticosterone were shown to increase the MT protein and 
mRNA level in rainbow trout hepatocyte and turbot fibroblast cell lines 
{Hyllner et al., 1989; Olsson et al., 1990a). In vitro studies showed that 
progesterone 3nd norepinephrine could increase the expression of MT 
(Olsson, 1993) but estradiol and testosterone did not elicit any change in MT 
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expression (Olsson et al, 1990a). Although the mechanisms of the \ * 
regulation of MT genes by endogenous factors have not been determined, the 
presence of hormone responsive elements in the promoter regions of teleost 
MT genes, such as glucocorticoid responsive element (GRE) in rainbow trout 
MTA gene, may suggest their direct regulatory functions. 
MT expression is also dependent on developmental status and sex. In 
rainbow trout, MT mRNA increased at gastrulation, and then peak at hatch, a 
stage that most of the MT bound with Cu and Zn and the predominant mRNA 
was MTA (Olsson et al., 1990b). During sexual development, a stage at 
which female liver increases in size in response to vitellogen and ovary starts 
to develop, there was a subcellular relocalization of Zn from MT to high-
molecular-weight protein both in female liver and ovary but not in testis 
(Olsson et al., 1990b). Just prior to spawning， a stage at which liver 
decreases in size, hepatic MT levels increase drastically and Zn is 
redistributed to MT. Although the regulation of MT in male rainbow trout 
during development is not clear, the above observation suggested a role of 
MT being a Zn donor and acceptor during sexual development in teleost. 
3.1.3.1 Detection of MT in Teleost 
A number of methods have been used to detect the MT expression at 
protein and mRNA levels (Olsson, 1993). The comparison of the detection 
limits, working ranges and practical detection limits are listed in Table 4.2. At 
the protein level, chromatography (e. g. Kito et al., 1982a) was usually used 
previously because of the limited information about the protein nature. It 
was time-consuming and the sensitivity is comparatively low. Methods like 
metal saturation method (e. g. Eaton and Toal, 1982) and polarography 
(Bebianno and Langston, 1995) depend on the displacement of met3l by 
radioactive Cd or Hg，and the thiol content of MT respectively. 
Immunoassays such as ELISA and RIA are the most sensitive methods in 
…-detect ing MT protein. The extensive homology between different fish MT's 
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does enable cross-species utilization of antibodies (Hylland et al., 1995). 
In addition, there is an increasing concern on detecting MT expression by 
measuring MT mRNA level, especially in biomonitoring purpose (Chan, 1995). 
Detection of MT mRNA was previously dependent on Northern blot analysis. 
However, the use of RT-PCR techniques (Chan. 1995; Kaplan et al.，1995) 
can greatly increase the sensitivity of detecting MT mRNA, but standardized 
conditions are required to be worked out. 
Table 3.2 Comparison of the Methods Used for Detection of MT 
(modified from Olsson, 1993) 
Practical 
Method Detection Limit Working Range Detection Limit 
Protein Level i 
GPC (G75) 50 [iQ MT 100 i^g - 1 mg 100 jig MTg"' 
HPLC AAS 5^igMT 10-100 i^g 5 i^g MT g ' ^  
RlA 150pgMT 0.15_7ng 10ng MTg ' 
ELlSA 1 pg MT 5 pg _7pg 1 ng MT g ' 
Heavy Metal Binding Property 
Metal Saturation 1 ^g MT 5 -65 i^g 5 ^g MT g ' ^  
Polarography 0.5^igMT 0.5-150 i^g 15^ig MT g ' 
mRNA Level 
Northern Blot ND ND ND 
Analysis 
RT-PCR ND ND More sensitive 
than Northern Blot 
Analysis 
ND - Not yet determined 
3.1.3.2 MT Studies in Common Carp 
, Not many studies were carried on the metallothionein in common carp. 
-However, common carp is sensitive to heavy metals. Previous studies 
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showed that Zn inhibited DNA synthesis of carp lymphoid cells (Cenini and 
Turner. 1983) and induced MT protein formation (Cenini, 1985). The MT 
induction was accompanied by a suppression of the production of proteins 
like antibodies. 
Previous studies showed that i.p. administration of Cd (Kito et al., 1982a) 
and addition of Cd and Zn can induce two forms of MT in the hepatopancreas, 
gastrointestine, kidney and gill by DEAE-Sephadex A-25 column 
chromatography (Kito et al., 1982b). In the hepatopancreas, the order of MT 
inducibility is in the descending order of: 
Hg > Ag > Cd> Zn 
but in terms of metal binding by hepatic MT, MT is very efficient with Cd, less 
efficient with Hg and poorly efficient with Ag (Cosson, 1994). However, the 
result of Cosson did not mention the inducibility and metal binding abilities of 
the two forms of MT in common carp: Untreated common carp (Kito et al., 
1986) and some of the feral carp species (Kito et al., 1982b) were shown to 
have basal hepatic and renal MT expression. In the hepatopancreas, MT in 
untreated carp was present in the acinar cells in pancreas, but in addition to 
acinar cells, MT was present in the nuclei of hepatocytes, sinusoids and 
intracellular space of hepatopancreas in the Cd-treated common carp (Kito, et 
al., 1986). Both the kidney of the Cd-treated and untreated common carp 
showed to have MT expression at the epithelium of neck segment, proximal 
convoluted segment, proximal convoluted segment II and dlstal convoluted 
segment, but not in the golmeruli (Kito. et al., 1986). 
The amino acid composition of MTs in the hepatopancreas and kidney in 
common carp were determined (Kito et al., 1982a; Kito et al., 1986). The 
protein have typical characteristics of MT, with high cysteine contents (about 
30 o/o) and no aromatic amino acid or histidine. The results also revealed 
that the amino acid composition of the two forms of MT in hepatopancreas 
were slightly different from the two MT isoforms in kidney. However the 
exact amino acid sequences of common carp MTs are still not determined. 
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3.1. 4 Specific Aims of This Chapter 
The aims of this chapter are listed as in the following: 
1. To obtain the MT cDNA(s) of common carp in uninduced liver tissue; 
2. To obtain the MT gene(s) of common carp; 
3. To determine basa! and the induced levels of MT mRNA(s) of common 
carp. 
As the induction of MT mRNA(s) by heavy metal ions is completely 
unknown in common carp, cDNA probes specific to common carp MT(s) 
should be isolated in order to develop methods such as Northern blot analysis 
and PT-PCR to analyze MT mRNA(s) expression both in uninduced and 
induced tissues. These data would provide insight on the usefulness of the 
use of common carp mRNA as biomarker for the exposure of heavy metals. 
On the other hand, cloning of MT gene(s), especially the 5' upstream 
region(s) would help to understand the molecular mechanism of the induction 
of MT gene(s) in common carp. 
::- -- - 一‘…. 
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3.2 Strategies 
The MT cDNA of winter flounder (Chan et aI., 1988) was used as probe to 
screen an adult common carp uninduced liver cDNA library in order to obtain 
the MT cDNA clone(s). Winter 'flounder was able to hybridize 'with the MT 
mRNA of some teleost species such as channel catfish (Zhang and Schlenk, 
1995) and killifish (Kaplan et al., 1995). Two MT cDNA clones have been 
isolated and they have identical coding regions but their 3' and 5' un-
translated regions are different. Primers were designed from the cDNAs in 
order to isolate the MT gene(s) of common carp. In addition, the MT cDNAs 
would be used as probes to study the endogenous and Cd-induced MT 
mRNA levels in different tissues of common carp by Northern blot analysis. 
3.3 Specific Methods 
3.3.1 Cloning of MT cDNAs of Common Carp 
Three hundred thousand p.f.u. were spread on 10 CG-plates. Duplicate 
filter lifts were prepared and hybridized with wintar flounder MT cDNA 
labeled with a-32P-dCTP (Section 2.2.7) in Hybridization Buffer (Section 
2.2.8). Autoradiography was carried out at -70°C with Kodak XOmat films 
for 4 days with an intensifying screen. 
Plaques from the duplicated signals of the primary screening were 
selected for secondary screening whereas plaques from the positive si9fla1s 
from the secondary screening were picked up for in vivo excision (Section 
2.2.9). The cDNA inserts were released with EcoR I and Xho I digestion. 
Digested DNA fragments were resolved on 2°k agarose gel in 1X TAE buffer 
and the DNA fragments were tr~nsferred on to nylon membrane' by alkaline 
blotting (Section 2.2.5). The membrane was subjected to hybridization with 
~i~i~~ -flounder' MTcDNA -Iabeled with a-~2_P~dCTP in Hybridization Buffer 
-. -- - ~-
(Section 2.2.8). Autoradiograph was developed in Kodak XOmat film at 
room temperature for 4 hours. 
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3.3.2 Analysis of the MT cDNA Sequences 
The cDNA inserts obtained from the cDNA library were sequenced using 
T7 DNA Sequencing Kit (Pharmacia) or SequiTherm Cycle Sequencing Kit 
(Epicentre Technologies) (Section 2.2.14). Two clones，3-4 and 5-2 were 
selected for nucleotide sequence determination in both strands. Clone 3-4 
was sequenced by subcloning. It was digested with H/nc II and the insert 
released (300 bp) was subcloned into Sma I digested pUC18 plasmid using 
the Ready To Go™ pUC18 Sma l/BAP+Ligase Kit (Pharmacia) and the 
remaining fragments were religated by T4 Ligase (Section 2.2.12). Inserts 
subcloned into pUC18 vectors were sequenced at both ends by Universal 
primer (U) and Reverse primer (R). The insert remained inthe pBluescript 
SK vector was sequenced from the 3' end using T7 primer. 
Clones (5-2) was sequenced by primer walking using primers MTR and 
MTS (Section 2.1.2). The sequencing strategies of clones 3-4 and 5-2 are 
shown in Fig. 3.5. 
Z""~~"N^ T7 MTR MTS T3 H/?C II Digestion \ ^ ~~^^ ~~ ^ 
- I ' W u i 變 ; 1 ^ \ 5-2~~"^ M r t H ^ 
T3 ,； " ^ ^ 7 ~ r T7 / \ 
pBS vector / \ 
/ _ ^ ^ ^ / \ 
/ -"-^ ^^^漏 / Non-MT Sequence MT Sequence 
(^ "^^ ^^ ^ (^^^j^^^ 
Ligation 
^ i ^ U f 1 
C ^ B S ^ ) r pUC1^  
Sequencing 
Fig. 3.5 Sequencing Strategiesof Clone 3-4 (Left) and Clone 5-2 (Right) 
Clone 3-4 and clone 5-2 were sequenced by subcloning and primer walking 




3.3.3 Southern Biot Analysis of Common Carp Genomic DNA 
Common carp genomic DNA was extracted using the method described 
in Section 2.2.2. Ten i^g genomic DNA was digested with 100 units of BamH 
I，EcoR I, Hind ill orXba 丨 in recommended buffers. Digested genomic DNA 
fragments were resolved on 0.7% agarose gel in 1X TBE buffer and 
transferred on to nylon membrane via SSC transfer (Section 2.2.5). The 
membrane was hybridized in Hybridization Buffer with a-^ P^-dCTP labeled full 
length MT cDNA of common carp (3-4) (Sections 2.2.7 and 2.2.8) and 
autoradiograph was then developed. The membrane was striped and 
hybridized in Hybridization Buffer with the Hinc II digested fragment from 
clone 3-4 (contains the 3，untranslated region only). Autoradiography was 
carried out at -70°C using Kodak XOmat film with double intensifying screens 
for 18 hours in both cases. 
3.3.4 Amplification of the MT Gene Fragments Using PCR 
MT gene specific primers, MTR and MTS (Section 2.1.2) were designed 
from the cDNA nucleotide sequences of the clones 3-4 and 5-2 while MTP3 
(Section 2.1.2) was designed at the 3' untranslated region of clone 3-4. 
These primers were used to amplify the MT gene(s) of common carp by using 
ThermoprimePius Q^^ Polymerase (Section 2.2.11). Thirty cycles PCR were 
carried out at denaturing temperature at 92。C for 1 minute, annealing 
temperature either at 50°C or 55°C for 2 minutes and extension temperature 
at 72。C for 3 minutes. The PCR products were resolved on 2% agarose gel 
in 1X TAE buffer. 
3.3.5 Amplification of the 5，Upstream Regions of MT Genes Using 
PCR 
The MT gene promoter sequence was obtained by PCR method using _ 一 • .. •. . . • ’ , .,. . - . .. • - — . — — - • • .— •. ‘ — •_ . - , 







common carp genomic DNAwas digested with 40 units BamH 丨 or Hind III in a 
reaction volume of 200 i^L The digested genomic DNA fragments were 
precipitated by 0.1 volume 3 M NaOAc and 1 volume of isopropanol. DNA 
pellets were washed by 70% ethanol and dissolved in 10 |il autoclaved 
distilled water. 
DNA fragments were incubated at 65°C for 10 minutes (to prevent 
overhanging of the sticky ends) and then chilled on ice. Five d^ of each of 
the digested genomic DNA fragments was mixed with 2.5 …of appropriate 
cassette and 7.5 |il ligation solution. Ligation was performed at 16。C 
overnight. Sau3Al and Hind III cassettes were used to ligate to the genomic 
DNA fragments digested by BamH 丨 and Hind III respectively. The DNA 
fragments were precipitated and then washed with 70 % ethanol. DNA 
pellets were dissolved in 5 |il autoclaved distilled water and the ligation 
products would be used for PCR to amplify the 5' upstream regions of MT 
genes via a nested approach.. 
In the first round of PCR, each of the 100 d^ reaction mixture contained 1 
…of each ofthe ligation products, 2.5 units ofTaq DNA polymerase (Takara), 
20 pmoIe C1 primer and 100 ng MTRP primer in recommended buffer and 
dNTPs concentration. PCR conditions were described as before and 1 M-l 
PCR products of each tube was used as DNA template for the second round 
PCR. In the second round PCR, 20 pmoIe primer C2 and either 100ng 
primer MTRP2 or MTRP3 were used instead of primer C1 and MTRP 
respectively. The PCR products were resolved on 1.5% agarose gel in 1X 
TAE buffer. 
The principle of cloning of the 5' upstream regions of MT gene was 
illustrated in Fig. 3.6. In the first round PCR reactions, cassette primer C1， 
and MT gene specific primer MTRP were used for amplification. As the 5' 
, end of cassette was not phosphorylated, a nick was occurred within the — 
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first round PCR reactions, second strand synthesis from primer C1 stopped at 
the nick and prevented the non-specific amplification. In the second round 
of PCR reactions. MT gene specific primers (MTRP2 for clone 3-4 and 
MTRP3 for clone 5-2) and cassette primer 2 {C2) were used to amplify the 
common carp MT 5, upstream region.in a more specific manner. The PCR 
product from positive signal was cloned into pCR-11 vector (Section 2.11 )• 
• ： “ “ C o m m o n C a r p G e n o m i c D N A 
R e s t r i c t i o n D i g e s t i o n 
1 I ’ Restriction Frag ment ‘ ； 
I R e s t r i c t i o n F r a g m e n t I ； I __• . “ ‘ ‘ 、 
i ‘ H H H H C a s s e t t e i 
C a s s e t t e L i g a t i o n - ^ - WSt I 
) ^ • M T R P | _ ^ B j 
5 , j j m | ^ j ^ M T G e n e F r a g m e n t 厂 湖 ^ ~ ^ ^ ^ B 3 
K n o w n s e q u e n U d e t e r m i n e d f r o m M T c D N A s | 
F i r s t R o u n d P C R • 
斗 M T R P 2 o r M T R P 3 
C 2 j h m 3, 
S e c o n d R o u n d P C R 
！ 
__ j m ^ ^ ^ _ 3 ' A m p l i f i e d M T P r o m o t e r 
Fig 3.6 Strategy of Cloning the 5, Upstream Regions of MT Genes of 
Common Carp 
3.3.6 Endogenous MT mRNA Expression of Juvenile and Adult 
Common Carp 
Three juvenile common carps (70 to 100 g) were obtained from the 
Agr icu l ture and Fisheries Department . Hong Kong G o v e ^ e n t and 
acclimatized for 1 month without food supply and the fishes were sacrificed in 
December . On the other hand, one male and one femaie adult common carp 
were obtained from a local fish market and were acclimatized for at one month 
without food supply and tissues were obtained in November. Total RNAs 
from different tissues were isolated according to the method described by 
Chomcznski and Sacchi (1987) (Section 2.2.3). As the size of MT mRNAs 
are small. 1.8% to 2%agarosegelwas requi redtogivea better resolution. 二 





f of the tissues were used for Northern blot analyses respectively. The blots 
were hybridized with a a-^^P-dCTP labeled full length MT cDNA (Clone 3-4) in 
Rapid Hybridization Buffer (Amersham) (Section 2.2.7 and 2.2.8) and the 
washing conditions were the same as that described in Section 2.2.8. 
Autoradiographs were developed in Kodak XOmat film with double 
intensifying screens at -70°C for 2 and 4 days for the Northern blots of 
juvenile and adult common carp, respectively. 
3.3.7 Induction of MT mRNA of Juvenile Common Carp Injected with 
Cadmium ‘ 
Juvenile common carps were selected for MT induction test as juvenile 
fishes are less affected by endogenous factors such as sex steroids. 丨 
Besides, smaller amount of chemicals and lesser space are required for 
juvenile common carp. Eight juvenile common carps (15 to 50 g) obtained 
from the Agriculture and Fisheries Department, Hong Kong Government, 
were acclimatized for one month. Half of them were administered 
intrapehtoneally with CdCI2 in the following dosage: first day, 0.6 mg/kg; 
second day, 0.8 mg/kg; third day, 1.2 mg/ kg; forth day, 2.0 mg/kg. The 
increasing dosage of CdCI2 would help to maintain a high level of MT 
expression. The remaining half were injected with saline for 4 consecutive 
days. Fishes were sacrificed at day five and the tissues (brain, gill, heart, 
intestine, kidney and liver) were freshly removed and immersed in liquid 
nitrogen. Tissues were kept at -70°C until use. 
The total RNA samples from the tissues of Cd-treated and control 
juvenile common carps (Section 3.2.2) were extracted by TRIzol reagent 
(Section 2.2.3). Twenty i^g of the total RNA from different tissues were 
resolved in a 1.5% denaturing agarose gel in 1X MOPS buffer and then 
transferred on to nylon membrane (Section 2.2.6). The membrane was 
hybridized by a a-^^-dCTP labeled full-length MT cDNA (clone 3-4) in Rapid 
一 ^ - JHybridization Buffer (Amersham) (Section 2.2.7 and 2.2.8). The washing 
55 
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conditions were mentioned as before (Section 2.2.8) except with an additional 
wash of 0.5X SSC/1% SDS at 70°C for half an hour. Autoradiograph was 
developed in Kodak XOmat film for 1 day with double intensifying screens at 





3.4.1 Cloning of Common Carp MT cDNAs 
Twenty-four and twenty duplicated signals were obtained form the 
primary and secondary screening respectively. Eighteen out of the twenty 
cDNA clones contain inserts hybridized with the winter flounder MT cDNA. , 
Fourteen clones were selected for sequencing as they contain inserts of 
about 500 bp which have similar or larger sizes than other teleostean MT 
cDNAs. Two of the remaining clones have insert greater than 1,000 bp . 
(probably because of the ligation with some other cDNAs) while the inserts of 
two other clones could not be released by EcoR 丨 and Xho 丨 digestion. 
These four clones were not characterized so far. Fig. 3.7 summarized the , 
1 
results of the cDNA library screening. 
300,000 p.f.u. 
Primary screening using winter 丨 
，’ flounder MT cDNA as probe 
24 p.f.u. showed duplicated positive signals 
Gecond3ry scr6ening 
令 
20 p.f.u. showed duplicated signals 
，f 
In vivo excision and restriction digestion / V ^ 
/ \ Two with insert not hybridized 
/ \ with flounder MT cDNA 
14 clones contain inserts Two with inserts > 1000 bp 
with expected sizes Twowithinsertscouldnotbe released 
‘ by EcoR I and Xba \ digestion 
Fig. 3.7 Flow Chart Showing the Results of Library Screening 
56 
3.4.2 Analysis of the MT cDNA Sequences 
The fourteen MT cDNA clones were sequenced at both ends and 
fourteen of the clones have identical cDNA sequences at the 3' end and 
coding regions but they have different length in their 5' ends. The clone 3-4 
has the longest cDNA sequence among the 13 clones at the 5' untranslated 
region. T"he nucleotide sequence of clone 3-4 was determined by 
subcloning (Fig. 3.5) and the result was shown in Fig. 3.8. 
(• 
i 
The nucleotide sequence of the remaining MT cDNA clone, 5-2, was 
determined by primer walking (Fig. 3.5). It has identical coding sequence to clone 
3-4 but has a truncated 3’ untranslated region (Fig. 3.9). The 5' end of clone 5-2 
was iigated to an non-MT sequence with the poly-A tail just beyond the 5' 
untranslated region of the MT cDNA in clone 5-2. It was likely to be due to 
cloning artifact during the cDNA library construction and it might further explain 
why two of the clones have inserts greater than 1 kbp (Fig. 3.7). Sequencing 









































































































































































































































































































































































































































































































































































































































































































































































































3.4.3 Southern Blot Analysis of the Common Carp Genomic DNA 
The result of Southern blot analysis is shown in Fig. 3.9. In Fig. 3.9B, at 
least 2 hybridization signals, one stronger and one weaker, were shown in 
each lane. The two hybridization signals were not likely to be arisen from 
one MT gene. The 3’ untranslated regions of the clones 3-4 and 5-2, and 
one of the MT gene fragment obtained by PCR (Fig. 3.11) have none of the 
restriction enzyme sites that could be recognized by the restriction enzymes 
used 丨门 this Southern blot analysis. Together with the finding that the 3， 
untranslated region of the gene coding for MT cDNA in clone 3-4 is likely to : 
be encoded from one exon (Fig. 3.10B), common carp should at least have 
two MT genes in its genome. The stonger hybridization signals were likely 
to be arisen from the gene coding for 3-4 or 5-2 whereas the weaker signal 
may be arisen from another MT gene which have different nucleotide 
sequence to the cDNA clone obtained in the present study. • In addition, the 
presence of one BamH 丨 sKe in the nucleotide sequence encoding for the first 
three amino acid at the N-terminal is a unique feature all teleost MT genes 
studied so far. Since the BamH I digested genomic DNA fragments gave 
three hybridization signals both in Panels A and B, common carp might have 
3 MT genes in its genome. 
I 
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3.4.4 Amplification of the MT Gene Fragments of Common Carp 
i 
Using PCR 
Fig. 3.10 shows the results of the amplification of MT gene fragments of 
common carp using PCR. In Fig. 3.10A, using MTR and MTS, PCR product 
of size about 400 bp was generated at both annealing temperatures, but at 
lower annealing temperature (50°C), 6ne weaker signal just below the 400 bp 
PCR products could be observed. As lower annealing temperature allows 
‘ 
more mismatch on the priming action, the faint band might be due to the j 
amplification of another MT genes that have different sequences to the genes | 
coding for clones 3-4 3nd 5-2. \ 
I 
In Fig. 3.10B, the PCR conditions were identical to the aforementioned 
with annealing temperature at 55°C. MTR and MTS could generate PCR j 
* I 
products of size about 400 bp (same as Fig. 3.10A) while using MTR and 彳 
MTP3, a PCR product of size close to 650 bp was produced. This supported i 
that the 3’ untranslated regions of clone 3-4 is within one exon (presumably ：； 
be exon III of all known MT genes of vertebrates) as the annealing sites of 
MTS and MTP3 is separated by about 250 nucleotides in clone 3-4. 
The PCR product (400 bp) generated by MTR and MTS at annealing 
temperature 55°C was cloned into pCR™II vector (Section 2.2.12) and two 
clones (C31 and C41) were selected for nucleotide sequences determination 
using sequencing primers T7 and R. The two clones have identical 
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BamH I I 
i ] 
1 M T R ^ 50 j 
i 
3UVTGGATCCTTGCQATTGCGCCAAGAataaatattttaaatactactcrattttacq 
Me tAspProCysAspCysAlaLys T 
100 
tgatgagtttagtttttgtactaggaaatccagtcacttatagaagtgtcaatgtcc 






ys ThrCysLysLysS | 
2 5 0 
“ ttaaatcgggcgactaactaactattgtctctcacacagGCTGCTGCCCCTGCTGCC \ 
erCys C'ysProCys CysP 彳 




3 5 0 3 8 1 
CCAGCTGCTGTCAGTGAGGAGGTCAACGTGATG 
erSerCysCysGlnEnd HinC 工工 
Fig. 3.11 Nucleotide Sequences of Common Carp MT Genomic DNA 
Fragment The bold nucleotides mark the exons of the amplified MT gene 
fragment and the amino acid sequence predicted from the amplified MT gene 
fragment is indicated in italic letters. The underlined and double underlined 
sequences show the primer annealing sites and restriction enzyme sites 
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1 2 3 4 5 6 7 8 9 
ILane Primers Template 
2 C2, MTRP2 CH 
3 C2, MTRP3 CH 
4 C2, MTRP CH 
5 C2, MTRP2 CB 
6 C2, MTRP3 CB 
7 C2, MTRP CH 
8 C2, MTRP Nil 
MTRP1, MTRP2 
CH and CB are common carp genomic 
DNA digested with Hind III and BamH I 丨 
respectively and then Iigated with ‘ 
appropriate cassettes. ! 
Fig. 3.12 Amplification of the 5，Upstream Regions of MT Genes ‘ 
-;l 
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3.4.5 Amplification of the 5' Upstream Regions of MT Genes Using 
peR 
The primers used for amplification, MTRP, MTRP2 and MTRP3, were 
designed form the clones 3-4 and 5-2 (Fig. 3.8). BamH I and Hind III were 
chosen for amplification as the MT gene fragments generated from the 
Southern blot analysis by these two enzymes were comparatively shorter 
than those generated from EcoR I and Xba I (Fig. 3.9). The result of the 
second round PCR was shown in Fig. 3.12. 
The 650 bp PCR product in lane 1 was cloned into pCRTMl1 vector 
(Section 2.2.12). Several clones were digested with EcoR I and they all 
gave two fragments (300bp and 350bp), suggesting that one type of peR 
product was amplified. The two fragments were subcloned into EcoR I site 
of the pUC18 vector by using the Ready-To-GoTM EcoR I/BAP + Ligase Kit 
(Pharmacia) (Section 2.2.12). The sequences were determined using 
primers T7 and R (for pCRTMII vector) and U and R (for pUC18 vector). The 
nucleotide sequence and the potential recognition sites of various 
transcription factors which were identified by the software MacVector are 
shown in Fig. 3.13. 
-- --- --
- - - ~ -- _ ..
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Hind III ">MREd MREe— 
1 AAGCTTTCAA AAATTCTAAA T T | _ _ 1 « | _ 丁 TCTAAAGACG AGCCTCGATG 
61 GGCTTTATCT GGCTTAAATT ATAAATTATT TATGCTTAAA TACGTGTTTA TTTTAATATT I 
121 TAGTAGGGTG GTATCACGTT GCCTTCTTAC AACAATCTAA CCATTTAAGA AGCTCAAAGG 
181 CTGATTAAGT ATGACAAAGT ATGTTATTTT ATAGTTATCT TTGATTCTAA CAAAATAGTT 
241 TCTTAGTGCT TATTAAAAAG AATATCTTTC GCTCCCCAAA AAGAAAATAA CATACAAAAA 
EcoR I Spl 
301 ACATTGAATT CTCTAATCAC ATAAACGTTT CGCAATCAAT ATTCAGCCCG CCGAGTGGAA 
361 ATGATAGTTA TATAATAGTG TAAAACCAAC ATTGATGTGA ATCAGGGTGG GATTGGAGAT 
— M R E a AP1<- MREb <r^  Spl<-
421 TCCTGATTGT TTGATAGTTT OCACCCGGTT TCATTAATGA flTnAC!c1__GCGGGA ^ 
1 
I 
">MREc c-Jun<- TATA Box j 
481 CGGGCTTTTC CCCTCGCCCT G T G i — AGGGCTGiWlMlACCAGGG GCAGGATCAG j 
h 
<r- Primer MTRP2 i 
541 TCCTCTGGTA TCTTCCCCAT CAAGCATTCA C.Af^TCGAGT GAAGCGAGAC TTTTTAAGgG j 
Fig. 3.13 5，Upstream Region of MT Gene Five MREs (a to e) were 
identified in the 5, upstream regions of common carp MT genes. Putative ！ 
recognition sites of some transcription factors like c-Jun (underlined), Sp1 j 
(double underlined), AP1 (curve line) and TATA box (boxed) are also , 
indicated. Restriction sites for Hind III and EcoR 丨 are underlined. As the 1 
transcription start site has not been determined, the first nucleotide at the 5， j 
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3.4.6 Endogenous MT mRNA Expression of Juvenile and Adult 
Common Carp 
The results of Northern blot analysts were shown in Fig. 3.14 (forjuvenile 
common carp) and Fig. 3.15 (for adult common carp). 
Although individual differences were observed, the Northern blot 
analyses showed that high level of endogenous mRNA expression could be 
found in the brain, kidney and liver, and to a lesser extent in intestine of both 
the juvenile and adult common carps. MT mRNAs in gill and muscle were 
barely detectable by Northern blot analyses. Intestine of female adult 、 
I 
common carp had a high level of MT mRNA expression than the male's, 
whereas a higher level of MT mRNA expression was found in the female ‘ 
I 
i 
muscle. However, the differences in the MT mRNA levels in the adult ‘ 
common carp may be due to individual differences as only one fish from each ‘ 
group was examined. 
t ( j 





The results of the induction of common carp MT mRNA are shown in Fig. 
3.16. The optical density of the MT mRNA signals were normalized with the | 
18s rRNA signals from the negative film of the agarose gel. The magnitude 
of MT induction of different tissues of common carp was shown in Table.3.3. 
The results showed that the treatment of CdCI2 would induce MT mRNA 
levels in all the tissues studied, except brain, which showed a 40% decrease 
of MT mRNA level. The induction of MT mRNA was not high in liver, kidney, 
gill and intestine but heart showed a tremendous increase in MT mRNA after 
CdCI2 treatment. 3-MC could also induce MT mRNA expression by 4 fold. 
. , .』 . _, — ： — - • - - • - — — - . . . . - — - - • . - — ‘ 
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Table 3.3 Magnitude of Induction of MT mRNA from Different Tissues 
of Common Carp The magnitudes of induction of CdCI2 treated juvenile 
common carp in different tissues were calculated by the normalized optical 
densities of different tissues (Fig. 13.5) over that of the saline treated ones. 
The magnitude of induction of MT of 3-MC-treated juvenile common carp was 
calculated by its normalized optical density to the corn-oil treated one's. 
Tissues Magnitude of MT mRNA MT induction~~ 
Brain (Cd-treated) 一 ^ ~ ~ 
Gill (Cd-treated) i 4 . 
Heart (Cd-treated) i50 I 
Intestine (Cd-treated) 1.6 
Kidney (Cd-treated) 2.6 j 
Liver {Cd-treated) l_3 I 








_ -.. „. —.-«-. ..-- --• - -‘ — — ' • " - … ， 一 - — 
-..-.--....—-.——_—.——.一-•-〜.-—-.———……- r- ： 
71 
• 
• , 、* , 
» ! 
3.5 Discussion | 
I 
3.5.1 MT cDNAs of Common Carp 
Two forms of MT cDNAs (350 bp and 500 bp) were obtained by 
screening an uninduced adult common carp liver cDNA library. The two 
forms of MT cDNAs have identical coding sequence but have different 5，and 
3’ untr3nslated regions. 
3.5.1.1 Coding Region “ 
. I 
I 
For the coding regions, the two MT cDNA clones encode for a 
4 
polypeptide with 60 amino acid residues, twenty of them are cysteine. The j 
coding sequence was confirmed by the amplified MT genes (Fig. 3.10). The 
polypeptide is Class I MT as it is cysteine rich, and the positions of cysteine , 
residues could be aligned to other Class I MTs (Fig. 3.17). In this figure, 
although MTs in different vertebrate species have different insertion of amino i 
acid residues near the N-terminal or C-terminal, the positions of cysteine 『 
residues of the MTs could be aligned, it has high degree of amino acid j 
sequence identity (over 70%) to the MTs of teleost (Table 3.4). In Table 3.5, | 
common carp, stone loach and goldfish are possibly have close phylogenetic , 
relationship by judging from their sequence identities. 
The cysteine residues appear fo be conserved in ali Class 丨 MTs for 
metal binding. For example, human MTlll has insertion of one and six amino 
acid residues in its N-terminal and C-terminal when compared to human MTI 
and MTII, but the reactivity of Zn(ll) complex of MTI to metal chelator was 
similar to that of MTlll (SewelI et al., 1995), suggesting similar metal binding 
property of MTI and MTlll. The difference in the bioactivities of MTI and 
MTlll, however, was found to be related to the novel CPCP sequence of MTlll 
in the p-domaln (Fig. 3.17) (Sewell et al., 1995). 
« 
.,, _^^ . . . . .. -_. - -.^-.^ . - .^>-w^.-^.^-> .^ ^^  .- .__. . ,_ »„ ,__— .•+••»••»»•.—« .,.•«---•• -» -"— '"" 
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Table 3.4 Comparisons of the Nucleotide and Amino ^ c i ^ = = r j = 
Identities of MTs of Teleost Species The sequence 丨 = = 3 0: 二 
amino acid sequences, nucleotide sequence of the cod.ng 二二 = | 
(parentheses) and nucleotide sequences of the 3, untranslat=d r e = r ^ 
rnderlined) of the teleost MT are shown. The 3’ u n t r a n ^ ^ n d ^ e ^ 
defined as the nucleotide sequence after the stop codon (TGA) and j )e f j j j 
Sirpolyadenylation signal {AATAAA or ATTAAA). For common carp, the 
requPeSS bJore the L t polyadenylation signal w^^ used for co^^^soHd 
Refer to Section 2.1.3 for the Accession number of the MT nucleotide and 
amino acid sequences in Genebank. 
^ " • “ G o l d Loach P i k e ~ " P l a i c e Trout Trout Tilapia 
:flsh MTA M j m — — — 
C-P (S) (g ) (g ) (S) (S) § (g) (B；) ] c�d ^ . fl S S i 8 ?i s ! 
Cod (74) (73) (74) (78) (77) (77) (82) 丨 
55 54 5Z M 53 5§ 勞 I 
。。_h — I ) (S) ( S ) 品 品 ( 0 ) I 
60 54 55 54 53 ^ j 
• ^ — ^ 80 80 80 78 ‘ 
Loach (80) (78) (80) (79) (77) | 
53 53 56 55 52 
^., — 85 95 95 85 
Pike (79) (82) (91) (80) 
58 68 6Z 5Z 1 
— 85 87 85 ‘ 
Plaice (80) (79) (87) , 
堅 6j . 62 1 
— 95 87 I 
] l ^ f (91) (81) J 
MTA 76 55 
.— 85 
Trout • (79) 
MTB 55 
» 
— ‘ • — . . - -—-• « - . 〜 • . . 〜 “ ‘ • ‘ 
- •- - . - - • ；-
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3.6.1.2 The 3，Untranslated Regions 
I . i 
On the other hand, thirteen out of fourteen MT cDNA clones 
characterized (representative clone: 3-4) were shown to have a longer 3， 
untranslated region (170 bp longer) than the remaining one (clone 5-2). As 
indicated in Fig. 3.8, clone 3-4 has two potential polyadenylation signals, but 
the first polyadenylation signal sequence. AATAAA, which is the putative 
polyadenylation signal sequence in almost all teleostean MT, was ignored. 
In contrast, the second polyadenylation signal sequence in clone 3-4, 
AATATAA, was used instead and this signal was also found in the MT cDNA : 
of plaice (George et al., 1990). The a1(l) collagen gene also has two 
polyadenylation sites and the mRNA using the first polyadenylation signal J 
sequence was shown to be less stable {Maatta et al., 1995). Therefore, it is 
possible that the shorter MT mRNA in common carp may be less stable than 
the longer one. . 
I 1 
It IS also interesting to note that in channel catfish, two forms of MT | 
1 
mRNA with different transcript sizes about 400 b were revealed by Northern 
I 
blot analysis (Zhang and Schlenk. 1995). The longer mRNA transcript was 
present in livers of control and Cd-treated channel catfish, but the smaller • 
1 
mRNA transcript was only present in the livers of Cd-treated fishes. As j 
channel catfish has a close phylogenetic relationship to common carp 
(Nelson, 1984), it is possible that the smaller mRNA transcript in the present 
study would resemble smaller transcript of channel catfish, which is induced 
by Cd admimistration. It is also possible that the treatment of Cd would favor 
the synthesis of a smaller transcript size by using the first polyadenylation 
signal sequence. In fact, Cd was sh9wn to be able to stabilize MT mRNA in 
chicken and mouse ceils (Swapan et al., 1991). Therefore, even the smaller 
MT mRNA is less stable in the uninduced state, it may be stabilized by Cd 
treatment and therefore viable in the Northern blot analysis. 
_—T in Cd treated stone loach and pike, MT mRNA transcripts of different -
75 
i 
length in their 3，untranslated regions were obtained by RT-PCR (Kille et al., 
1991). In stone loach, the MT mRNA transcripts were encoded by one gene 丨 
(Kille et al., 1993). As the MT mRNA transcript size(s) was not determined in ‘ 
uninduced tissues, it was not clear whether the differential usage of 
polyadenylation signal sequences would exist in the uninduced fishes. If 
differential usage of polyadenylation signals occur in common carp MT mRNA, 
they are difficult to be distinguished with Northern blot analyses as their 
transcript sizes are too close. Methods like RT-PCR or ribonuclease 
protection assay will help to determine the possi!ibity. In addition, as only 
the Cd tolerant teleost species (pike and stone loach) was reported to have • 
I 
differential usage of polyadenylation signal sequences but not in Cd sensitive 
species such as rainbow trout, the ablility to use differential polyadenylation : 
signal sequences in MT genes may be related to its metal ion tolerance and * 
MT mRNA stability. 
• I 
3.5.1.3 The 5, Untranslated Regions 丨 
As clones 3-4 3nd 5-2 have different 5' untranslated regions, and in all , 
MTs of vertebrate studied so far, the 5, untranslated regions are encoded , 
from one exon, the two clones are likely to be arisen from two genes. 
Interestingly the polyadenylation signal sequence used in clone 5-2 was j 
AATAAA. It is possible that: (1) the gene encodes 5-2 only has one 
polyadenylation signal; (2) multiple polyadenylation signal sequences exist 
in the gene coding for 5-2’ but its regulatory elements, under uninduced 
conditions, control the termination of mRNA synthesis at the first 
polyadenylation signal sequence. 
In rainbow trout, two MT mRNAs (MTA and MTB) encoded from two 
distinct genes were reported (Bohnam et a!., 1987). MTA and MTB have 
different coding, 5' untranslated and 3，untranslated sequences. The two 
forms of MT mRNAs in common carp reported here are different from that of 




multiple MT alleles in its genome is possible. 
3.5.2 MT Genes of Common Carp 
Southern blot analysis of the genomic DNA revealed that at least two, 
and may be three, MT genes are present in the genome of common carp. 
One of the gene strongly hybridized with the MT cDNA probe isolated in 
present study while another one showed a weaker hybridization signal. 
Interestingly, in the PCR analysis, two types of gene fragments, one with 
weaker signal (350 bp) and one with stronger (400 bp) signal, were amplified j 
using a pair of MT gene specific primers of common carp at 55°C annealing j 
temperature (Fig. 3.10A). However the weaker genomic DNA fragment was ； 
not amplified at 55°C annealing temperature. The weaker genomic DNA j 
fragment may be another MT gene with different sequence to the one | 
obtained in present study. If so. it may explain the weaker hybridization . 
signal(s) in Fig. 3.9. j 
Kito et al. (1986) reported that 2 forms of MT proteins with different amino , 
acid composition were identified in the kidney and liver of common carp. | 
Therefore, the presence of distinct MT genes in common carp is very possible. I 
The MT mRNA identified in the present study may be the constitutively ^ 
expressed ones. 
Using PCR, one type of gene fragment of the coding region of MT of 
common carp was amplified by the primers (MTR and MTS) designed from 
the two clones. It is possible that the two MT genes in common carp have 
the same genomic sequence at their coding regions. The 5, upstream region 
of the MT gene was amplified by PCR using the primers designed from clone 
3-4，but not from clone 5-2. The failure of amplification of 5' upstream region 
of MT gene coding for clone 5-2 may be explained by the reason that the 
genomic DNA fragment of the 5, upstream region of the gene coding for clone 
5_2 by Hind III or BamH I aretdolarge to be amplified by the Taq polymerase.— 
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To obtain the 5，upstream regions of MT gene coding for 5-2, screening of 
genomic DNA library may be required. 
The amplified MT gene fragment shares similar properties to other MT 
genes of the teleost species: (1) it has a tripartite structure; (2) the codon for 
serine residue, which separates the a and p domain, is separated by the 
second and third exons. The nucleotide sequence identities between the 
introns and exons of the genes of teleost species are shown in Table 3.5. 
Together with the sequence identities shown in Table 3.4, common carp, 
goldfish and stone loach would have close phylogentic relationship, as J 
described by Nelson (1984). 
1 
I < 
Using common carp MT gene specific primers MTR and MTS, the MT j 
gene fragments were also amplified from the genome of goldfish (Fig. 3.18) 
and the two amplified DNA fragments with sizes similar to common carp 
(about 400 bp) were able to hybridize with the common carp MT cDNA probe. 
Therefore goldfish may have two MT genes in its genome. Although the 
limited data are insufficient to prove the presence of more than one MT genes 
4 
in the genomes of the tetraploidy species like common carp and goldfish, the j 
salmonids, which are also tetraploid species, were the only species reported | 
to have two MT genes (Bohnam et al., 1987; Kille and Olsson, unpublished • 
results). Therefore, the presence of multiple MT genes is likely restricted to 
the tetraploid species. 
„ . . … + -...--^..- -•• ••""" —”••_-,•-,-• - ••" ‘ ‘ 
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Table 3.5 Comparison of the Sequences of Coding Regions of the 
Exons and lntrons of Teleost MT Gene The coding regions of the first 
exons started from the start codon (ATG) whereas the coding region of third 
exons are terminated at the stop codon (TGA) respectively. The underlined, 
double underlined and non-underlined numbers indicate the nucleotide 
sequence identities between the first, second, and third exons of the 
teleostean MT genes respectively, whereas the numbers bracketed by ( ) and 
[]indicate the sequence identities between the first and second introns of the 
teleostean MT genes respectively. Refer to 2.1.3 for the accession numbers 
of the nucleotide sequences of different teleost MT genes. 
Loach 1 ^ Trout MTA Trout MTB 
C ^ 80 (50) 84 (52) 8 4 ~ ~ ^ ) §0 (57) 
87 [53] 75 [46] 72 [42] U PO] n 
86 82 80 78 ] 
Loach 92 (59) 92 (55) 92 (50) ！ 
75 [50] 74 [46] 73 [28] ; 
81 82 78 1 
Pike m (59) 96 (57) j 
94 [57] 95 [24] 
^ 85 f 1 
• ^ 
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Carp Goldfish 
Fiq 318 PCR Analysis of the MT Genes of Common Carp and 
Goldfish About 40 ng genomic DNA of common carp and goldfish were 
used as template for amplification of MT gene fragments using 
ThermoprimePius p^A Polymerase (Section 2.2.11). PCR conditions were 
mentioned in Section 2.2.11. In the negative control (-ve) only pnmers 
(MTR, MTS and actin) were added to the reaction mixture. PCR products 
were resolved on a 2% agarose gel in 1X TAE buffer. 
.—”• - — • . 争 
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When the promoter sequences of common carp and stone loach were 
aligned, the upstream sequences are highly homologous both in sequence 
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FIG 319 Alignment of the MT Gene Promoter Sequences of 
common Carp and Stone Loach The sequences in bold = r s = ^ e 
regulatory elements and the blocked sequences are conserved in the two 
species. 
No such sequence conservation can be found on the MT promoter of other 
teleost species. It further supports the phylogenetic relationship between 
common carp and stone loach. However, in this region, the Sp1 site is not 
found in stone loach. Sp1 sites cannot be found in the MT promoters of the 
published MT genes of teleost species. Common carp is the first species 
reported to have 2 Sp1 sites in the MT gene promoter. Sp1 is a ubiquitous 
zinc-finger transcription factor controlling for the house-keeping genes 
(Coruey and Tjian, 1988). It implies that the MT gene in common carp may 
be constitutively expressed. In fact, the Northern blot analysis showed that 
MT was constitutively expressed in different tissues of the juvenile and adult 
common carps, some of them such as brain, kidney and liver were even 
shown to have a high level of endogenous expression. 
The MT promoter of common carp is similar to the mammalian MT 
promoters in the way that the MREs tend to be positioned near other 
regulatory elements like Sp1. c-Jun and AP1. The proximities of the 
. r e g u l a t o r y elements, as suggested by Thiele (1992), may provide 
^ opporturiitiSs—forthe synergist ic orSntagonistic action between the 
81 
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transcription factors in the promoter region of MT gene in common carp. 
i -. I • . i 
3.5.3 MT mRNA Expression of Common Carp 
Northern blot analyses showed that the common carps have individual 
differences in their endogenous and CdCb-induced MT mRNA expression. 
It implies the importance of control experiments. Despite the individual 
differences, the overall patterns of MT mRNA expression were similar. In 
uninduced conditions, liver, kidney, brain and to a lesser extent, intestine, 
showed basal MT mRNA levels both in the juvenile and adult common carps, ‘ 
while CdCI2 induced MT mRNA in all the tissues studied, except brain. The > \ 
MT mRNA levels in intestine and muscle of the adult common carp showed 
1 
great differences, it is better to increase the sample size to eliminate the : 
sampling error, however, adult common carp is not usually available in the ； 
local fish market. 
» < , 
The factors contribute to the high basal level of MT mRNA in common 丨 
carp have not identified yet. However it is possible that common carp may 
sequester heavy metals by MT in its body and therefore it maintains high level 
of MT mRNA. As there are not data available on the heavy metal contents in 
common carp, works should be planned to study the heavy metal content in 
common carp. Secondly, starved Atlantic cod in larvae stage was shown to 
have a higher level of MT mRNA in liver {McNamara and Buckley, 1994). 
Therefore the high basal level of MT mRNA in common carp may be due to 
starvation, as the juvenile and adult common carps were acclimatized at 
aquarium for one month without food supply. However, no evidence showed 
that starvation can lead to the induction of MT mRNA in juvenile and adult 
fishes. Thirdly, high level of MT mRNA would maintain MT protein in a high 
level and the MT protein may be essential in maintaining trace metal Ions 
homeostasis in common carp. The possible functions of MT in maintaining 
trace metal ions homeostasis is reviewed briefly in Section 3.1.2. 
—-.〜••- • • • -^.-—• ~ • ‘ ‘ • ‘ 
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In fact, livers of many freshwater fishes contain high level of MT-Iike Zn, 
Cu-binding protein in the absence of exposure of the fishes to Cd (Petering et 
al., 1990). MT protein was also shown to present in the uninduced and feral 丨 
common carp livers (Kito et al., 1982b and 1986). The MT proteins in 
uninduced common carp liver (or hepatopancreas) were immunologically 
stained in the acinar cells in pancreas (Kito et al., 1986). Qommon carp 
treated with CdCI2 showed a strong immuno-staining in the nuclei of 
hepatocytes, sinusoids, intracellular space and acinar cells (Kito et al., 1986). 
In rats, low levels of MT mRNA were expressed both in the acinar cell and 
islet cells but the MT mRNA levels in the two cell types were dramatically • 
j 
increased after Cd administration (Adnrews et al., 1990). The functions of 
MT in the pancreatic cells were not well studied. 
• 
. ！ 
Juvenile and adult common carp showed similar MT mRNA expression 丨 
levels in different tissues, except brain. Juvenile common carp had a higher ^ 
MT mRNA expression in brain than the adult common carp. Winter founder ; 
was also reported to have a high level of MT mRNA in brain (Chan et al., ； 
1989). The function of MT in brain is not well studied in teleost. Hao et al. 丨 
(1993) reported the isolation of brain MT protein in rainbow trout and the 
isolated Zn-MT could stimulate the activity of brain pyridoxal kinase. 
Pyridoxal kinase involves in the conversion of vitamin B6 derivatives into 
pyridoxal phosphate which is important in biochemical transformation of 
numerous amino acids. In brain, many neurotransmitters such as dopamine, 
norepinephrine, histamine are synthesized or metabolized with the aid of 
pyridoxal phosphate dependent reactions (reviewed by Ebadi, 1981). 
Activation of pyridoxal kinase by MT was also suggested by Churchich et al. 
(1989). Therefore, MT may be involved in the control of enzymatic activities 
which are important in normal functions in brain, and possibly in other tissues. 
Moreover, in mouse, the constitutively expressed MTIII could sequester Zn in 
the synaptic vesicles of glutamatergic .neurons (Palmiter and Erickson, 1996), 
, and the alteration of Zn metabolism, such as decrease in MTIII levels in brain, 
would be related to Alzheimer's disease (Bush et al., 1996). Whether MTIII 
83 
or MTIII-like protein present in the brain of teleost is an open question. 
Three forms of MT mRNA (MTI, MTII and MTIII) were found to be 
expressed constitutively in the brain of mouse, but they showed different 
cellular distribution and regulation (Klaassen et al., 1996). Therefore, in 
mammals, MTs might have specific functions in brain. MTI and MTII in brain 
could be induced by a number of heavy metals, acidic pH increase and 
dexamethasone in astrocyte culture (Aschner, 1996; Klaassen et al., 1996), 
but MTIII mRNA level was not altered by heavy metals and dexamethasone in 
astrocyte culture (Klaassen et al., 1996). In the present study, juvenile 
common carp treated with CdCb showed a slight decrease in MT mRNA in 
brain,. although all other tissues studied showed increased levels of MT 
mRNA in different magnitude. However, it is also possible that the MT gene 
in brain of common carp, like MTIII in mammals, is not responsive to heavy 
metals. 
In the present study, the MT mRNA level in kidney was greater than liver. 
Kidney was shown to be the major sink of Cd for fishes exposed to Cd in water 
in form of Zn,Cu,Cd-binding protein,. presumably MT, but not gill and liver 
(reviewed by Petering et al., 1990). The continuous transport of Cd from 
liver to kidney in form of Cd-MT was reported in mammals (Frazier, 1982; Liu 
et al., 1996) and this might explain the higher level of ~IIT mRNA in the kidney 
tissues of the Cd-treated common carp. 
In mouse, liver was suggested to play a major role in the elimination of 
Cd by biliary excretion in short-term and transfer of Cd in form of Cd-MT from 
liver to kidney in long-term (Liu et al., 1996). The Cd-MT taken up by kidney 
would be degraded rapidly to liberate free Cd ion, which in turn induces renal 
MT synthesis for Cd chelation. Similar mechanism for the transport of Cu 
from liver to kidney was reported in rats fed with Cu and therefore kidney was 
suggested be actively involved in the secretion of MT and Cu in order to 
.. . ------... ''... , ..... . .. :,. -- remove excess Cu (Evering etaL, 19~1). _ .Althqugh Kito et al. (1986) showed 
• . • • • - , . _ w . ~ .... . ... . _ , ~ __ _ • _~ _ __ _ _ _ _ 











convoluted segment II and the distal convoluted segment of Cd-treated 
common carp, the role of renal MT in the elimination of heavy metal ions like | 
Cd in teleost requires more research to study. 
In fish such as largemouth bass, when exposed to food-borne Cd, 
showed high levels of Cd bound to intestinal mucosa, mostly in MT-Iike 
species (Waalkes, 1986). Therefore, intestine is likely the first line of 
defense against food-borne heavy metal ions and it may explain the relatively 
high level of endogenous MT mRNA in intestine. Alternatively, MT may be 
present to control the absorption of essential metals like Zn (Gousins, 1985). ； 
r 
1 
In terms of magnitude of MT mRNA induction, heart was the most j 
I 
sensitive and responsive to the treatment of CdCI2. The basal levels of MT ！ 
mRNA in heart both in juvenile common carp (Fig. 3.19) and male adult j 
common carp (similar to gill, data not shown) were close to undetectable. , 
No detectable basal mRNA level in heart was reported by in winter flounder ! 
but the heart MT mRNA increased significantly with Cd-treatment (Chan et al., . 1 
1988). In human, MT proteins were induced by Cd in peripheral blood ' 
lymphocytes in a dose-dependent manner and MT proteins were detected in ！ 
lymphocytes exposed to 0.5 i^M Cd (Yamada and Koizumi, 1991; Jonai et al., •；, 
1992). Therefore lymphocytes may be very sensitive to heavy metal. . 
Since the blood cells of teleost species, including red blood cells, are 
nucleated, it may partially explain the high level of MT mRNA in the heart 
tissues of the Cd-treated common carp. However, K is also possible that the 
heart tissues alone were responsible for the high level of MT mRNA induction, 
just similar to the case of dramatic increase in CYP1A proteins in the 
endothelial ce"s of the endocardium and blood vessels of the PAHs treated 
scup (Stegeman and Hahn, 1994) and Atlantic cod (Husoy et al., 1994). 
3.6.4 Normalization of the Signals of Northern Blot Analyses 
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:i with the 18s rRNA signals from the negative film of the agarose gels. Actin 
f was used as a probe for both the adult and juvenile common carp but the 
I 
f results showed that actin was not a good control for different tissues (Fig. 
‘ 
3.20). Firstly, muscle and heart were shown to have two hybridization 
signals with the zebrafish actin cDNA probe. Secondary, different tissues 
expressed actin mRNA in different levels. Although similar amount of total 
H- 一 
• RNA samples from liver and kidney (from the 28s and 18s signals from the 
negative film) were loaded for electrophoresis, the actin signals from liver 
were much weaker than kidney. Therefore actin is not suitable to normalize 
the hybridization signals for Northern blot analyses of RNA from different ^ 
！ 
tissues in common carp. ； 
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Fig.3.20 Tissue Distribution of MT and Actin mRNA of Juvenile Common 
Carp Ten i^g total RNA from 3 juvenile common carp (1 to 3) from kidney, 
liver, muscle and heart were resolved on 1.5% denaturing agarose gel and 
transferred on to nylon membrane (Section 2.2.6). The membrane was 
hybridized either with the radiolabeled MT cDNA (34) probe of zebrafish 
actin cDNA probe. Autoradiographs were developed in Kodak Biomax film 
(for MT) or Kodak XOmat film for 1 day for MT at -70。C with double 
[, : intensifying screens and 8 hours for actin at room temperature with double — — 
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In fact, no probe is universally applicable for normalization for all tissues , 
from all organisms. Therefore a careful choice of positive control in mRNA j 
analyses such as Northern blot analysis and RT-PCR is important. 
Messenger RNAs coding for some constitutive housekeeping enzymes and 
I proteins such as actin and g l y c e r a l d e h y d e - 3 - p h o s p h a t e dehydrogenase 
(GAPDH) are two of the most commonly used candidates for normalization. 
However, they were not used without problem. For example. GAPDH was 
tried to be used as a positive control for the TCDD-treated cells, but GAPDH 
mRNA was greatly increased after TCDD-treatment (McNulty and Toscano, 
1995). As it is not certain whether actin mRNA levels would be affected by 
Cd- and 3-MC-treatment. it was safer to use the 18s rRNA as the positive ！ 
control. However, as teleost 18s rRNA probe is not now available in this | 
laboratory, the signals from the 18s rRNA from the negative film of the : 
agarose gels were used instead. ！ 
I t 
• I 




One of the objective of the present study was to determine the usefulness , 
of MT mRNA of common carp in monitoring heavy metal exposure. However， ！ 
as both the juvenile and adult common carps show high endogenous levels of 
MT mRNA expression, together with the fact that the induction of MT mRNA in ^ 
different tissues from common carp treated with Cd was not strong. MT mRNA 
in common carp appears not to be a good biomarker for the indication of 
cadmium, and possibly other heavy metals. exposure. Other teleost species 
such as tilapia，which is a relatively resistant to pollutants, would be better for 
biomonitoring of cadmium exposure. 
However, as heart was shown to have a significant induction of MT 
mRNA after Cd injection, the mRNA in heart of common carp may be useful to 
detect the exposure of heavy metals. However, it should be clarified 
, w h e t h e r the heart t i s s u e s o r the bioo^ cens^ or both, are responsible for the 
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increased level of MT mRNA. If MT mRNA in blood cells are inducible by Cd, 
non-destructive approach could be used for monitoring heavy metal exposure. 
The non-invasive methods, on one hand, is more humane as the fish or fishes ‘ 
is/are not killed ,and it is especially important for those species that are 
endangered. On the other hand, it can reduce the sampling error as the 
same fish/fishes is/are monitored over the experimental period. The 
development of method like RT-PCR which offers greatly sensitivity would 
increase the practicability of non-invasive detection of MT mRNAs. 
However, as MT mRNA and protein levels in other teleost species could ； 
be affected by numerous endogenous factors such as estradiol and ；； 
exogenous factors such as oxidative substances, the inducers of MT of 
common carp should be screened out. In fact, in the present study. MT : 
mRNA was induced in liver by 3-MC treatment, although the mechanism of 
induction is unknown (Fig. 3.16). lt is possible that some other non-metal , 
environmental pollutants would also induce MT mRNA expression. , 
Therefore, more baseline study, such as the effect of seasonal change and 
different pollutants in the MT mRNA expression levels, should be carried out. 
The reporter gene system (RGS) would be useful in identifying the 
potential primary inducers of MT as well as screening of pollutants in • 
environmental samples. For instance, a RGS was constructed by 
transfecting the vector containing the Drosophila MT promoter linking to the 
luciferase reporter gene into mosquito cells (Klimowski et al.. 1996). 
Besides，the mouse MTI promoter was fused to /acZ gene in a plasmid which 
was then transfected into Ltk cells (Asahi et al.. 1996). Similar approach 
was reported by Anderson et al. (1995) who construct a RGS using CYP1A 
gene promoter in a AhR responsive cell line to screen for the CYP1A inducers 
adsorbed on sediment contaminated with organic pollutants. RGS was in 
fact useful for (1) testing the inducibility of different metal ions to the reporter 
genes; (2) testing the other possible inducers of MT genes; (3) locating the 
: : — : f u n c t i o n a l domains of the MT gene promoter; (4) detecting the presence of -
MT-inducers in the environmental samples. In fact, as the 5，upstream »• • 
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region of the MT gene of common carp was obtained, a teleost specific | 
‘ I 
bioreporter system can also be developed. i 
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In conclusion, two forms of MT cDNAs of common carp were obtained by | 
screening a common carp liver cDNA library. The two forms of MT cDNA | 
have identical |oding sequences but have different 3，and 5 ' untranslated | 
sequences. Southern blot analysis supported that at least two MT genes are 
present in the genome of common carp. The gene fragment and the 5, ‘ 
’ 
upstream region of MT gene were amplified by PCR. The MT gene fragment ； 
has tripartite structure and it has identical coding sequence to the MT cDNAs. 
The 5, upstream region of the MT gene has 5 potential MREs and some other 
？ 
regulatory elements such as Sp1. Both adult and juvenile common carp had 、 
high endogenous level of MT mRNA in liver, brain, kidney and to a lesser 
extent 丨门 intestine. Juvenile common carp administrated with CdCI2 showed * 
higher level of MT mRNA in ali tissues, except brain, which had a decreased 
level of MT mRNA expression. However, apart from heart, which had 150 
fold increase in MT mRNA level, the magnitude of MT mRNA in other tissues 
including liver, kidney, intestine and gill was not high (1.3 to 2.6 fold). 
< 
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4 Cloning of Common Carp Cytochrome P450 1A cDNAs and 
Induction of CYP1A mRNA Expression 
4.1 Introduction 
4.1.1 Cytochrome P450s 
Cytochrome P450, or simply P450, is a superfamily of heme-containing 
proteins found h both prokaryotes and eukaryotes. It has a distinct 
^ 
absorption peak at 450nm when the heme iron is reduced and bound with f 
i 
carbon monoxide and P450 indicates a pigment with an absorption peak at ’ 
450nm (Omura, 1993). In 1993, it was reported that 221 P450 genes and 12 
putative pseudogenes were found in 31 eukaryotes and 11 prokaryotes 
(reviewed by Nelson et al., 1993). Altogether, there are 36 P450 gene 
families , many even with multiple subfamilies (Nelson et al., 1993). , 
P450s are the final participant in an electron transport chain. By 
obtaining two electrons from NAD(P)H, they can cleave the molecular oxygen 
and incorporate one oxygen atom into water, and another to their substrates, 
which are lipophilic in nature: 
I 
i 
RH + NAD(P)H + O2 + H+ > ROH + NAD(P)+ + H2O 
where R stands for hydrophobic groups. P450s can be categorized into 3 
classes with reference to their protein partners involved 丨门 the electron 
transfer (Graham-Lorence and Peterson, 1996). 
Class I P450s can be found in the cytosol of bacteria and mitochondria of 
eukaryotes (membrane-bound). They require two other proteins for electron 
transfer: iron-NAD(P)H-ferredoxin reductase and iron-sulfur protein 
(ferredoxin). Typical examples are CYP101 (trivial name: P450cam) in 
,Pseudomonas (Haniu et al., 1982) and CYP11A1 (trivial name; P450scc) in 
——~ mammalian species (Takemori et aL. 1993)^  Class II P450s are membrane 
90 
bound proteins found in eukaryotic microsome or endoplasmic reticulum (e. g. | 
I 
CYP1A1 which wHI be discussed shortly) or the soluble bacterial fatty acid | 
I . 
monooxygenase P450BM-3 (Narhi and Fulco, 1987). FAD/FMN containing 
NADPH-P450 reductase is required in electron transfer in class II P450s. 
Class III P450s is self sufficient and do not require molecular oxygen or a 
NADPH-dependent cytochrome P450 reductase for its activity. CYP74 
(RPP, rubber part icle protein) found in plant s tembark parenchyma cel ls is a 
class 111 P450 and it is the first eukaryotic P450 found outside microsome, 
mitochondria and plastids (Pan et al., 1995). 
_ 
P450 superfamily is believed to be evolved from an ancestral gene more • 
than 3.5 billion years ago (Nelson et al., 1993)，a stage with intensive 
animal-plant interactions and combustion of organic matters. Therefore 
P450s act as Phase 丨 metabolizing enzymes which can detoxify exogenous 
compounds such as PAHs and plant products (Route 1) with the assistance of 
Phase II enzymes. However, the metabolism may also activate some . 
xenobiotics to cause cellular damages (Route 2). In addition. P450s can 
catalyze the synthesis, activation and degradation of endogenous 
compounds like steroids and arachidonic acid (Route 3). In fact, P450s are 
suggested to play an important role in maintaining steady-state levels of 
endogenous ligands involved in ligand-modulated transcription of genes 
controlling homeostasis, growth, differentiation and neuroendocrine functions 
(Nebert, 1991). 
(1) Xenobiotics ——> Metabolites ——> Excretion Z 
Phase II Detoxification (e. g. GST) Z 
(2) Xenobiotics ~~> Reactive metabolites ~~"> Toxicity 
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The P450 genes, abbreviated as· italic letters GYP (Gyp fpr mouse), are 
classified according to their amino acid sequence identities (Nelson et al., 
1993). P450s with greater than 40 % similarity are placed in the same family 
which are -designated by Arabic numbers, such as GYPl and GYP2 . . 
Families are further subdivided into subfamilies, which have amino acid 
. sequence homology ' greater than 550/0 (greater than 40% among different 
species), designated by capital letters, such as GYP1A and CYP2A. 
Individual gene is specified by an Arabic number (such as CYP1Al and 
GYP1 A2). Capital letter P (or p in mouse) after the specific gene number is 
used to denote pseudogene (e. g. GYP2D7P). For mouse, the specific gene 
number is preceded by a hyphen (e. g. Cyp1a~1). 
Gene families of P450s from 1 to 4 can be regarded as xenobiotic-
inducible enzymes (Oenison and Whitlock, 1995). Their inducers are 
usuafly their substrates and thus enzyme activities increases only as needed. 
Typical inducers and substrates of these P450s genes are listed in Table 4.1. 
Among these xenobiotic inducible P450s, GYP1 gene family is the one 
that receiv.ed most attention and it will be focused in the following sections. 
Table 4.1 ; Selected Inducers and Substrates of Xenobiotic-Inducible 
P450s ·(modified from Oenison and Whitlock, 1995; Stegeman and Hahn, i 
1994). 
P450s Inducers Substrates 
CYP1 
CYP1A1, CYP1B1 PAHs, HAHs PAHs 
CYP1A2 PAHs, HAHs Steroids, Caffeine 
CYP2 · 
CYP2A1 Barbiturates, DOT Barbiturates, Steroids 
CYP2B1 Barbiturates, DDT 
CYP3A1/2 Pregnenolone-a.- Steroids .. 
carbonitrile 
CYP4A1 Clofibrate, PCBs I Lauric acid, Arachidonic ; ~ I 
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4.1.2 Cytochrome P450 1 (CYP1) 
I i 
There are three members in the CYP1 gene family: CYP1A1, CYP1A2 + 
and CVP1B1. CYP1A1 can be found in all vertebrates studied so far while 
only chicken and mammalian species were reported to have CYP1A2 (Nelson 
et al., 1993). Although rainbow trout was reported to have two distinct 
CYP1As.(CYP1A1 and CYP1A2), but their relationships to mammalian 
CYP1A1 or CYP1A2 are not clear (Berndtson and Chen, 1994). Moreover, 
the use of human and rainbow trout CYP1A1 cDNA probes gave a 
hybridization signal at 2.1 kb in the Northern blots of mussel tissues and ‘ 
therefore CYP1A1-Wke gene(s) may be present in invertebrate species 
(Wootton et al., 1995). CYP1B1 is a recently identified P450 and it is found 
in mammalian species so far (Savas et al., 1994; Sutter et al., 1994; 
Bhattacharyya etal., 1995). 
The genomic organization of CYP1A1 and CYP1A2 genes are similar as 
they contain 7 exons disrupted by 6 introns (Gotoh, 1993) while in mouse and 
rat, CYP1B1 gene is a compact gene consisting of only 2 introns 
(Bhattacharyya et al., 1996). CYP1A1 and CYP1A2 genes cluster with 
CVP11A and CYP19 genes on human chromosome 15/mouse chromosome 9 
(Gotoh, 1993) but in human, CYP1B1 gene is located on the human ‘ 
chromosome 2 (Sutter et al,, 1994). It is interesting that a restriction fragment 
length polymorphism (RFLP) at a 3，flanking region of human CYP1A1 gene 
was found to be related to smoking-dependent lung carcinoma (Hayashi et al., 
1991). 
In human, CYP1A1 is an inducible enzyme found in different types of 
tissues. Unlike CYP1A1 which has negligible hepatic basal expression, 
CYP1A2 have a higher constitutive level of protein expression than CYP1A1, 
but it appears to present exclusively in liver (Gonzalez, 1992). CYP1B1 has 
a low constitutive level of mRNA in many tissues in human (Sutter et al., 1994) 
———-—and rat-(Bhattacharyya et al.,1995)r One thing to be common in CYP1 “ 
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genes is that they ali contain several copies of dioxin responsive elements 
I 
(DREs) in their 5, flanking region, suggesting their regulation by AhR (Lai et | 
al., 1996; Bhattacharyya et al., 1996). All CYP1s are thus inducible by a ！ 
i; 
group of halogenated or nonhalogenated pollutants and the mechanism is t 
believed to be mediated by AhR mainly. \ 
CYP1s have overlapping substrate specificities as they can metabolized 
some PAHs. CYP1A1 metabolizes PAHs mainly while CYP1A2 plays a 
central role in caffeine, estrogens and aromatic amines (Okey, 1990). For 
CYP1B1, apart from PAHs metabolism, it is also found to be a low Km 17p- ' 
estradiol {Ez) 4-hydroxylase, while CYP1A1 and CYP1A2 catalyze the 2-
hydroxyIation of E2 (Hayes et al., 1996). These results suggested that « 
CYP1s are responsible for the metabolism of both endogenous and 
exogenous compounds. 
\ 
Gene knockout experiments were performed to determine the 
physiological functions of CYP1A2. Cyp1a-2 knockout mice were shown to 
have respiratory distress and many of the neonates died shortly after birth 
(Pineau et al., 1995). However, Liang et al. (1996) reported a contradictory 
result that the Cyp1a-2 null mice that were completely viable and fertile but 
;:. 
- -〉’ 
showed drug metabolism deficiency. One thing to be common in the two I, 
t? 
experiments is that the surviving null mice are able to reproduce and appear ：? 
to be normal and these results suggested that CYP1A2 might not be required 
for growth and development. Alternatively, their functions were 
compensated by other enzymes in the surviving transgenic mice. 
4.1.3 AhR Mediated CYP1A1 Gene induction 
The induction of CYP1A1 is most extensively studied. Many of the 
inducers of CYP1A1 share similar chemical structures: polyaromatlc, 
lipophilic and planar, and they are believed to elicit their action mainly by 
binding to the AhR. Ligands of AhR can either be anthropogenic in origin or “ 
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have their natural sources (Fig. 4.1). 
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Fig. 4.1 lnducersofCYP1A1 
4.1.3.1 Anthropogenic Sources of AhR Ligands 
Certain organic environmental pollutants can bind to AhR and induce 
CYP1 gene transcription. They are collectively known as halogenated 
aromatic hydrocarbons (HAHs) and polyaromatic hydrocarbons (PAHs). ‘ 
HAHs can be further subdivided into polychlorinated dibenzodioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls 
(PCBs). PCDDs, PCDFs and PCBs share similar carbon skeleton of two 
benzene rings joined by two, one or no oxygen respectively (Fig. 4.1). 
Different positions of chlorination at the carbon skeleton lead to different 
congeners and among these congeners, 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD or dioxin, Fig. 4.1) has the highest affinity to AhR and is the most 
potent inducers of CYP1A1. 
, 
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HAHs and PAHs present ubiquitously in the environment as they can be 
produced from various sources. HAHs were produced as by-products from 
some industrial processes such as the manufacturation of herbicides or 
:.、 
pesticides, paper pulp bleaching using chlorine gas. They can also be i 
produced by various combustion processes such as incineration of refuse 
and combustion of oil products (Silbergeld, 1995). Therefore HAHs are 
believed to be mainly anthroprogenic pollutants. PAHs, on the other hand, 
can both have natural sources {e. g. forest smoke) and anthroprogenic 
sources (e. g. oil refinery works). 
Since HAHs and PAHs have strong covalent bonds (strengthened by 
delocalized electrons) and are highly lipophilic, they are extremely stable in 
nature and can persist in living organisms as well as accumulate along the 
food chain. It has been estimated that the body burdens of dioxin-like 
compounds in general public and people with dioxin exposure were 13ng and 
96-7000 ng TCDD equivalents/ kg body weight respectively (DeVito et al., 
1995). In animals, the non-cancer and cancer effects can occur at the body 
burdens of10-12,500 ng and 944-137,000 TCDD equivalents/kg body weight, 
respectively (DeVito et al., 1995). This implies that human health may be 
adversely affected by the exposure to HAHs. 
TCDD is the most potent and toxic chemicals ever found in the world. 
LDso of TCDD can be as low as 0.6 ^g/kg in guinea pig (Schwetz et al., 1973). 
TCDD can also causes a number of toxic manifestations in animals including 
chloracne, edema, thymus atrophy, neurobehavioral aberration, 
teratogenicity , carcinogenicity , immunosuppression and wasting syndrome, 
e. t. c. (Poland and Knutson, 1982; Pohjanvirta and Tuomisto, 1994). It is 
believed that most if not all of the toxic effects of HAHs and PAHs are 
mediated through AhR (Bock, 1993; Okey et al., 1994). It is the basis of 
using AhR mediated responses such as CYP1A1 induction to indicate the 
, exposure as well as the toxic effects of HAHs and PAHs in vertebrates 
— .. — — -——……一一.——:-————-—--—一..一-一—j . - -—————•— — 





4.1.3.2 Natural Sources of AhR Ligands J 
i;' 
The natural compounds that bind with AhR include some photolytic | 
products of tryptophan and tryptamine, and some rutaecarpine alkaloids ？ 
derived from tryptamine such as 7,8-dehydrorutaecarpine (Fig. 4.1) 
(Poellinger, et al., 1992). Food borne compounds like heterocyclic amines 
can activate the AhR into DNA binding form in vitro (Poellinger et al., 1992). 
Certain indole derivatives such as indolo[3,2-b]carbazole (ICZ) which 
presents in cruciferous plants can bind with high affinity to AhR and induce 
CYP1A1 in mouse hepatoma cells (Poellinger et al., 1992; Chen etal., 1995). 
Although these compounds are natural products, no physiological or 
endogenous ligand for AhR has been identified. A recent breakthrough is 
that the suspended human keratinocytes and mouse heptoma cells showed a 
drastic induction of CYP1A1 mRNA in the absence of xenobiotics (Sadek and 
Allen-Hoffmann, 1994a and 1994b) and AhR is involved in this process 
(Sadek and Allen-Hoffmann, 1994b). Endogenous ligand may be involved in 
activation of AhR in the suspended cells, aKhough the involvement of other 
cellular factors cannot be ruled out. 
4.1.3.3 Potency of Inducibility 
In terms of induction of CYP1A1 activity. TCDD is 30,000 and 1000-
10000 times more potent than 3-MC (Poland and Glover, 1974) and ICZ 
(Bjeldanes et al., 1991), respectively. However, the binding affinities of 
these compounds to AhR is insufficient to explain the difference (Riddick et 
al.. 1994) (Bjeldanes et al., 1991). .ln addition, 3-MC and ICZ also have 
similar effects on AhR transformation, DRE binding and short-term CYP1A1 
mRNA levels accumulation (Chen et al., 1995; Riddick et al., 1994). The 
, factor contributing to the difference in CYP1A1 activity inducibility is very 
— nkelydL^ tb the rapid removal of 3-MC and lCZ in the cells (Chen et al., 1995; 
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Riddick et al., 1994). Besides, CYP1A1 was also subjected to substrate 
inhibition by ICZ (Chen et al., 1995). 
4.1.3.4 Induction of CYP1A1 Gene Transcription by AhR 
It is generally believed that the induction of CYP1A is mediated by AhR 
(Okey et aI., 1994; Whitlock, 1994; Bock, 1993). AhR is a cytosolic receptor 
found in many of the vertebrate species and is expressed in multiple organs 
(reviewed by Okey et al., 1994). Most of the AhR studies were based on the 
mammalian models and little was known about AhR in non-mammalian 
species. Using photoaffinity labeling, AhR was found to be present in teleost 
and elasmobranch fish (Hahn et al., 1994). Brown et al. (1995) have used 
the same methodology to identify two proteins which bind TCDD analog 
specifically at the low molecular mass fraction in cytosols of marine bivalve. 
Therefore, AhR or AhR-like proteins may also be present in invertebrates. 
AhR is a ligand-mediated transcription factor (LTF). In its unoccupied 
form, AhR was shown to associate with several proteins such as HSP90 and 
at least two other unidentified proteins (Perdew, 1992). Once bound with its 
ligand such as TCDD or 3-MC, AhR would dissociate with HSP90 and the 
occupied AhR would dimerize with AhR nuclear translocator (ARNT) to bind 
DNA in the nucleus. The translocation of liganded AhR is a poorly 
understood process. Although ARNT is present at high concentration in the 
nuclear compartment of hepatoma cells (Pollenz et al., 1994), it is still not 
clear whether AhR heterodimerizes with ARNT in the cytosol or in nucleus. 
Similar to AhR, cytosolic ARNT was shown to associate with at least one 120 
kDa protein in nonactivated cells (Hossain et al., 1995). 
• 
The AhR and ARNT heterodimer would bind to specific enhancer sequence 
(dloxin responsive element, DRE) in the CYP1A1 5' flanking region and 
trigger the transcription of CYP1A1 gene and other genes (Fig. 4.2, Table 
— — 4.2):— AhR #5fein Wis sRown to be rapidly down-regulated after exposure to 
98 
TeDD in rat hepatic cell line (Reick et ai, 1994). Pollenz (1996) reported 
similar result in mouse hepatic and nonhepatic cell lines for AhR, but ARNT 
was not shown to have such regulation. 
Both AhR and ARNT are basic helix-loop-helix (bHLH)/PAS proteins (Fig. 
4.3). The PAS domain of AhR is responsible in binding with HSP90 in its 
unoccupied state, so as to both maintaining AhR in a proper conformation for 
ligand binding (molecular chaperon) and preventing AhR from dimerizing with 
ARNT or other factors triggered the AhR activity, if they present (Whitelaw et 
al., 1995; Coumailleau et al., 1995). PAS domains of AhR and ARNT may 
also take part in heterodimerization with other PAS-domain containing 
proteins (Lindebro et al., 1995). 
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Table 4.2 Genes Reported to be Responsive to TCDD or to be 
Regulated by AhR (adapted from Okey et al., 1994; Lai, et al., 1996; 
Kraemer et al., 1996) 「 
V' 
r,. ;;f . 
Under direct transcriptional regulation by AhR 
Cytochrome P450 1A1 (CYP1A1) ； 
Cytochrome P450 1A2 C Y P 1 A 2 ) ‘ 
UDP-Glucuronosyltransferase 
NAD{P)H:Quinone oxidoreductase (NQ01) 
Aldehyde dehydrogenase (ALDH-3) 
Possibly under regulation by AhR 
Cytochrome P450 1B1 (CYP1 B1) 
c-erb'A 
Epidermal growth factor receptor (EGFR) 
Plasminogen activator inhibitor-2 (PAI-2) 
lnterleukin-1p(ll-1p) 
Transfroming grwoth factor-a (TGF-a) 
Transfroming growth factor-p2 ( TGF-p2 ) 
Transfroming growth factor-p3 ( TGF-p3 ) 
Estrogen receptor (ER) 
Prostaglandin endoperoxide H synthase-2 (PGHSs) 
Phosphoenolpyruvate carboxykinase {PEPCK) 
Glucoses-phosphate dehydrogenase (G6PDH) 
Terminal deoxynucleotide transferase (TdT) 
Apparently independent of AhR 
C-fOS • 1 
c-jun I 
The basic and HLH domains in AhR and ARNT are responsible for DNA 
binding (Bacsi et aI., 1996; Dong et al., 1996) and heterodimerization 
respectively (Poellinger, 1995). It is apparent that all the bHLH proteins bind 
to E-box (the sequence recognized by the majority of other bHLH proteins) 
after dimerization (usually heterodimer), and each bHLH protein is 
responsible for recognition of half of the E-box (Poel!inger, 1995) (Fig. 4.4). 
Therefore bHLH proteins can be classified with regard to their recognition half 
sites (Swanson et aI. 1995). AhR and ARNT belong to Class C and Class B 
‘ bHLH proteins and their recognition half sites are 5'-CA^3' and 5'- _ 
. _ • . . . — 一 - ‘ — • — ‘’ . • 
T(Cn")GC-3', respectively (Swanson et al., 1995). The difference of the 
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recognition site of AhR compared to Class A and Class B bHLH proteins may 
be explained by a recent finding that the N-terminal of AhR, just beyond the 
basic region, is also responsible for DNA binding (Fukunaga and Hankinson, 
1996). 
Dyad Axis of E-Box with core 
Sequence: & - C m m G ^ ' 
I 
I 
Class A bHLH Proteins (Such as MyoD) 5 ‘ - C ^ ^ 3 ‘ 
3 ' - G T d G A C - 5 ' 
I —~r 
ClassBbHLHProteins Basic Domain \ 
mAmt ARENHSEmKE^ ‘ "7"] 
nAmt2 SRENHSEiEERPro 5 ' - C ^ ^ 3 ' ~~| 
hARNT ARENHSEEERRPR 3 ' -GTQCAC-5' 
Max KRAHHbMiERKPR ^ ^ f ^ 
~T T~ "T 
I I 
i 




ClassCbHLHProteins Rasic Domain ZJ^Z2 
mAhR^ASRI^ ^RKPVQ|aVKRHftEGnCSNPSKR^ 5 ' - l & C 
hAhR 8YASRI^RKPVQKCVKPII AEGHCSNPSKRHR - Z ^ G 
rfthR 8YASRKRRKPV0KTVKEVEb^nCSNPSKRHR| ^ " ^ ^ 
I I ” I 1 
Sequence r e c o g n i z e d b y AhR/ARNT |5^"TNGq GTG-3 j 一 
Sequence r e c o g n i z e d ^ r ARNT/AROT ! 5 ' _ CZ^ GTG-3'| 一 丨 
令‘ 
Fig. 4.4 E-Boxes Recognized by HLH Proteins The E-boxes recognized 
by Class A and Calss B HLH proteins are 5'-CAC-3' and 5'-CAG-3', 
respectively (Swanson et al.. 1995). The underlined amino acids of Max (a 
bHLH-zipper protein heterodimerizes with Myc (Bernards, 1995) are 
responsible for the binding to the nucleotides in the E-box (Poellinger, 1995), 
whereas the underlined amino acids of mAhR, when substituted by alanine, 
would severely diminished DNA interaction (Bacsi and Hankinson, 1996). 
As amino acids beyond the HLH domain of mAHR were shown to be important 
in DNA binding, it may explain why AhR (Class C HLH protein) has distinct 
recognition half site to Class A and Class B HLH proteins. Abbreviation: 
mArnt- mouse Arnt; mArnt2, mouse Arnt2; hARNT, human ARNT; mAhR, 
‘ m o u s e /\hB—r/^hiFR,—M—々^l??;J^R,JMT^Q—A»^^jy»yo?^ — myogenic — 
— idetermination factor. 
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ARNT is able to form homodimers and heterodimers with some bHLH 
proteins like SIM (single-minded protein) (Swanson et al., 1995) and HIF-1a 
(hypoxia inducible factor 1-a) (Wang et al., 1995). Although AhR does not 
form heterodimer with many of the known bHLH proteins, a recent report 
showed that a 45kDa protein (p45) can associate with the bHLH region of 
AhR (Hossain etal., 1995). On the other hand, the binding of 3-MC with 
AhR can lead to the formation of complex of AhR with a novel cytosolic 
protein (Morais et al., 1994). Therefore, it is possible that binding of different 
ligand would lead to the association of AhR to different bHLH proteins and 
regulate different set of genes. 
The potential diversity of dimehzation of bHLH proteins would lead to the 
formation of different homodimers or heterodimers which would recognize 
different DNA sequences and hence increases the potential of regulation of 
cellular processes by bHLH proteins in different cell types and different 
developmental stages. In fact, the number of bHLH/PAS or bHLH proteins 
being characterized is increasing. For example, a bHLH/PAS cDNA called 
Arnt2 in mouse (Hirose et al., 1996) has recently been reported and it has 
high degree of homology to mouse Arnt. Arnt2 can heterodimerize with AhR 
to bind DRE and it is tissue and developmental stage specific whereas the 
Arnt is expressed ubiquitously (Hirose et al., 1996). If this is the case, the 
transcriptional activation of DRE containing genes such as CYP1A1 would 
explain only part of the biological responses mediated by AhR and dioxin. 
Dioxin can induce AhR/ARNT-dependent changes of chromatin structure 
and increase the acessibility of the mouse Cyp1a-1 5, flanking region to 
transcription factors (Morgan and Whitlock, 1992; Okino and Whitlock, 1995). 
Recent finding (Ko et al., 1996) showed that the change in Cyp1a-1 chromatin 
structure by dioxin requires: (1) AhR-ARNT binding which altered local 
enhancer structure in a process that was independent of AhR's C-terminaI 
, region. (2) The alteration of promoter from a distance which was 
__  ,•—— ——《>••. *• ,— -- - - — . • ••’ 
“ — dependent on the C-terminaI of AhR. 一 
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Ko et al. (1996) suggested that AhR-ARNT firstly disrupted the 
nucleosome at the enhancer region to increase the accessibility of 
transcription factors like CCAA T box transcription factor/nuclear factor I (NF-
1, Santoro et al., 1988), TATA box binding protein (TBP, Nakajima, et al., 
1988) and G box binding protein (GBP, Jones and Whitlock, 1990). These 
transcription factors were found to be involved in the activation of Cyp 1 a-1 
transcription at the promoter region (Morgan and Whitlock, 1992), to the 
promoter of Cyp1a-1. This hypothesis was supported by some recent 
findings. (1) Cyp1a-1 promoter is silent in the absence of enhancer (Jones 
and Whitlock, 1990) and transcription factor like GBP is not accessible to the 
promoter when enhancer is inactive (Wu and Whitlock, 1993). (2) AhR 
contains several transactivation domains at the C-terminal half that may be 
responsible for interacting with other transcription factors andl or disrupting 
the nucleosome structure (Ma et al., 1995). (3) One of the AhR binding 
factors (AhRBFs) which are chromosomal proteins capable of binding to AhR, 
was shown to be histone H4 and the interaction of H4 with AhR would lead to 
; disruption of nucleosomal structure (Ounn et al., 1996). 
4.3.1.5 . Non-AhR Mediate~ CYP1A1 transcription? 
Apart from ORE, the CYP1 A 1 5' flanking region also contains other 
regulatory elements (Fig. 4.5). .A negative regulatory element (NRE) is 
present in mammalian CYP1A 1s and it imposes inhibitory effect on the 
CYP1A 1 gene transcription (Nebert et al., 1993). An Oct-1 site (recognition 
site of Oct-1 transcription factor which present ubiquitously in mammalian 
cells, Mitchell and Tjian, 1989) is located at the NRE of rat CYP1A 1 gene and 
it was shown to be responsible for the inhibitory effect (Sterling and Bresnick, 
1996). Human CYP1 A 1 gene contains a retinoic acid responsive element 
(RARE) and it can be differentially regulated by retinoids (Vecchini et al., 
1994). Retinoic acid is important in embryonic development, epidermal 
differentiation and the regulation and differentiation of various cell types 
~----.-~,- ---.-- ~· ·--· {reVi-ew-ecfI)Y-·Morriss:-KaY~-·1992r--· Hence,· the regulation of CYP1 A 1 gene . 
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appears to involve the comptex uiteracUoa of different regulatory factors and in 
some cases, AhR may not be required. 
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Fig. 4.5 The 5, Flanking Regions of Mammalian CYP1A1 Genes 
Abbreviation: Alu, a set of dispersed rdated sequences (about 300 bp long) m 
human genome; BTE, basal transcription element; DRE, Dioxin responsive 
element; G-box, G-rich box; NF-1, nuclear factor 1 binding site or CCAAT box; 
NRE negative regutatory element; Oct-1, recognition site of octamer 
trans^ption factor 1; PRE, polycyclic hydrocarbons responsive element 
RARE rectinoic add responsive element SlNE-R short interspersed element 
(Adapted from FMjii-Kuriyama and Gotoh, 1996; Vecdmi et aL, 1994; Jones 
and Whitlcxdc, 1990; Steriing and Bresnick, 1996.) 
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in fect. a number of recent research showed that certain benzimidazole ； 
derivatives can induce CYP1A1 and CYP1A2 but do not bind to human AhR 
( C u r i - P e d _ et al., 1994; Dau^at et aL, 1992). Gleizes-Escala et al. (1996) 
has found that neither oxfendazole (OFZ) and fenbendazole (FBZ’ Fig. 4.1) 
(both are benzimidazole derivatives used as antiparasitic drugs) or their 
metaboUtes bind to AhR but OFZ and FBZ can increase the levels of CYP1A1 
protein, mRNA and activity in rabbit hepatocytes. Some possible mechanism 
may explain the above observation: (1) the activation of AhR by a novel 
pathway by benzimidazotes; (2) the derepression the NRE of CYP1A1; {3) the 
interaction of benzimidazotes with other transcription factors that controlling 





Although no evidence supports the hypothesis (3) in the case of 
benzimidazoles, a xenobiotic-binding factor called 4 S polycyclic aromatic 
hydrocarbon-binding protein in rat which is presently identified as glycine N-
methylthransferase (GNMT) was shown to be able to activate the 
transcription of CYP1A1 by PAHs (Houser et al., 1987; Raha et al., 1991). 
GNMT is responsible for the regulation of the availability of methyl groups in 
liver by controlling the ratio of S-adenosylmethionine to S-
adenosyIhomocysteine (Wagner et al., 1989). It also binds preferentially to 
PAHs such as BaP but not to HAHs while compounds such as 3-MC can bind 
both to AhR and GNMT (Houser et aI., 1986). Liganded GNMT was shown 
to protect rat CYP1A1 promoter from exonuclease digestion at regions -225 
and -455 bp 5, form exon 1 and these two positions are known as polycyclic 
hydrocarbon response element (PRE) (Houser et al., 1987; Sterling and 
Bresnick, 1995). As the sequence between the two PREs does not contain 
any DRE, GNMT is very likely to play a unique role in the activation of 
CYP1A1 transcription (Raha et al., 1995). 
4.1.4 CYP1A Studies in Teleost Species 
Using immunoassay, CYP1A was found to be present in both 
elasmoblanch (e. g. dogfish) and teleost (e. g. carp, tilapia. trout, flounder, , 
cod etc.) (reviewed by Stegeman and Hahn, 1994). The cDNA sequences of 
CYP1As from trout (Heilmann et al., 1988; Berndtson and Chen, 1994), plaice 
(Leaver et al., 1993), Atlantic tomcod (Roy et al., 1995), scup (Morrison et al., 
1995)，toadfish (Morrison et al., 1995) and butterfly fish (Vrolijk et al., 
unpublished data, Genebank Accession Number: U19855) were determined 
and they have sequence identities greater than 70% in their coding regions. 
Apart form Atlantic tomcod (Roy et al., 1995) and rainbow trout (Berndtson 
and Chen), other teleost species contain only one form of HAHs or PAHs 
inducible CYP1AcDNAs. 
* 
——— — - T h e t w o CYP1A1 6bneiiriAtlanfict6mcodare variant genes as one of 
1.07 
the CYP1A gene has a deletion of 600 bp sequence at the 3，untranslated 
region (Roy et al., 1995). Rainbow trout is the only teleost species that was 
reported to have two CYP1A genes {CYP1A1 and CYP1A2, Berndtson and 
^ 
Chen, 1994). They have very similar nucleotide and amino acid sequences 
but DREs are only present in CYP1A1 genes. The two CYP1.A genes can be 
differentially expressed by hexachlorobiphenyl (Curtis et al.. 1996) and 
therefore from the functional point of view, the two forms of rainbow trout 
CYP1A genes are likely to be two distinct genes. In fact, two proteins that 
could be recognized by rainbow trout CYP1A1 antibody were identified in 
zebra fish cell line after TCDD treatment but only one of them were detected 
after p-naphthoflavone (BNF, a member of PAHs. Fig. 4.1) treatment. 
(Miranda et al., 1993). Therefore different forms of CYP1A may be induced 
by different inducers. 
The two CYP1A genes in rainbow trout (Berndtson and Chen, 1994) and 
Atlantic tomcod (Miranda et aI., 1993) have seven exons and six introns. 
which are similar to mammalian CYP1A gene (Gotoh. 1993). The second 
and seventh exons of all the CYP1As are much longer than the remaining ‘ 
ones. In rainbow trout, the exons and some of the introns of the two CYP1As 
have sequence identities over 90%. The 5，flanking regions of rainbow trout 
and Atlantic tomcod CYP1A1 contain two DREs but so far no DRE can be ( 
found in about 1000 bp upstream of the rainbow trout CYP1A2 gene. 
Recently, another research group (Carvan et al.. 1996) has also obtained the ) 
genomic sequence of CYP1A1 gene of rainbow trout and 5 DREs in the 5, 
flanking region of rainbow trout CYP1A1 gene were identified. By 
transfecting the recombinant plasmid containing the 5，flanking region of the 
CYP1A1 and luciferase reporter gene into mouse hepatoma cells, the DREs 
were proved to be responsible for the TCDD inducibility and a negative 
regulatory element was identified (Carvan et al.. 1996). However whether 
the regulatory elements in rainbow trout CYP1A1 are functional in teleost 
i 
system needs further investigation. 
„ • — — — • - • — - _— ‘ ‘ "•“ . " ~ 
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4.1.4-1 Regulation of CYP1A in Teleost 
There were some evidence that teleost CYP1As are regulated by AhR. 
>' 
Firstly, similar to the mammalian CYP1As, teleost CYP1As can be induced by | 
HAHs and PAHs (reviewed by Stegeman and Hahn, 1994). Secondly, AhR 
was identif^d from a number of teleost species and teleosts cell lines 
(reviewed by Stegeman and Hahn. 1994). Recently the Fundulus cDNA 
encoding PAS domain of AhR was determined with over 60% homology to the 
PAS domain of mammalian species (Hahn and Karchner, 1995) and Fundulus 
also carries two AhR-like genes which are expressed in liver (Hahn and 
« 
Karchner, 1996). Thirdly, mouse regulatory factors can recognize certain 
controlling elements such as DREs in rainbow trout CYP1A1 5' flanking 
region (Carvan et al., 1996). Fourthly, TCDD was shown to be able to 
induce nuclear translocation of the AhR in teleost (Lorenzen and Okey, 
1990). 
The induction of CYP1As in teleost is a rapid process. CYP1A protein 
peaked between 1.5 to 4 hour after PAHs treatment in Fundulus (Kloepper-
Sams and Stegeman, 1994) and its half life is 32 to 39 hours (Kloepper-Sams 
and Stegeman, 1994). The persistence of CYP1A mRNA level depends on 
the stability of inducer inside the cells. Single dose administration of 
2,3.7,8-tetrachlorodibenzofuran (TCDF) into scup (Hahn and Stegeman, 
1989) and TCDD into Atlantic tomcod (Courtenay et al.. 1993) could maintain 
a high level of CYP1A mRNA levels for at least 2 weeks, but single dose 
injection of BNF (a readily metabolized PAH) into Fundulus elicited a peak of 
CYP1A mRNA level at about 30 to 40 hours. It dropped to control level after 
4 days. 
The induction of CYP1As in extrahepatic tissues in teleosts was studied 
in some teleost species such as scup (reviewed in Stegeman and Hahn, 
1994), plaice (Leaver et al., 1993), common carp (Ueng et al.; 1992), chinook 
- saImorT (Campbell ^ d Devlin; i 996)； zebra fish (Buchmann et al.7 l994), — 
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rainbow trout (Andersson et al., 1993) and Atlantic cod (Husoy et al., 1994). 
The results showed that induced expression of CYP1As could be detected in 
kidney, gill, heart, intestine, brain, spleen, blood cells, gonad and red muscle. 
The endothelial cells in both the extrahepatic and hepatic tissues were . 
responsive to the induction of CYP1A proteins in majority (reviewed in .^ 
Stegeman and Hahn, 1994). 
The expression of CYP1As in teleost species depends on several 
environmental factors. Firstly, fish species present in or caged in the 
aquatic environment contaminated with HAHs and/ or PAHs were reported to 
have a higher CYP1A levels than the control groups. For example, the feral 
winter founder CYP1A activity and protein level increased with sediment PAH 
(released from coke ovens) concentration (Addison et al., 1994) while caged 
whitefish showed a gradual, distance-related decrease in CYP1A activity 
along the downstream region from a point source of pulp and paper mill 
effluents which contain high levels of PCDDs and PCDFs (Soimasuo et al., 
1995). 
Fed and unfed Medaka had similar CYP1A activity (Cohen et al., 1994) 
but temperature could alter the basal and inducible levels of expression of 
CYP1A in teleost. In dab, activity of CYP1A has an inverse relationship to 
the water temperature (Sleiderink et al., 1995a). In Fundulus, BNF has a 
stronger induction effects of CYP1A activity and protein content at 16。C than 
6°C but the mRNA levels elevated at a similar manner at both temperature 
(Kloepper-Sams and Stegeman, 1992). Therefore temperature may have 
different effects on CYP1A expression in different teleost species. 
Furthermore, when rainbow trout was changed to a new habitat such as 
transfer from one hatchery to another or into cages kept in lake, CYP1A 
activities decreased significantly (Huuskonen et al., 1995). Hence these 
results implied the significance of the control experiment. 
"- Certain hormones could alter the CYP1A ^<pression in teleost. One is "" 
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estradiol. The treatment of estradiol to winter flounder and scup lowered the 
hepatic CYP1A activities and protein contents (Gray et al., 1991). During 
spawning season (February), the hepatic CYP1A activity and protein content 
in mature male dab was the highest throughout the year but those in mature 
female were significantly lowered (Sleiderink et al., 1995b). Together with 
the finding that prespawning male winter founder showed a significantly 
higher level of hepatic and extrahepatic CYP1A activities and proteins than 
the prespawning female fish (Lindstrom-Seppa and Stegeman, 1995), there 
should be some hormonal effects, presumably exerted by estradiol, to down-
_ 1 
regulate in the expression of CYP1A. ‘ 
t ! I ( 
Growth hormone exerts a slight but significant inhibitory effect of hepatic 
AHH activity (one ofthe CYP1Aactivity) in rainbowtrout. On the other hand, 
the treatment of dexamethasone (DEX, a glucocorticoid analogue) with TCDD 
I 
can potentiate CYP1A induction (both activity and protein content) in fish 
hepatoma cells in a time and dose dependent manner (CeIander et al., 1996). 
However the mechanisms of the effects of these hormonal factors on CYP1A 
expressions have not been determined. 
Expression of CYP1A is also age-dependent. Juvenile Atlantic salmon 
had a higher level of hepatic CYP1A activity and protein content than the 
mature fish of both sexes during the winter season (Goksoyr and Larsen, 
1991). In turbot, embryo tissues did not show any detectable CYP1Aactivity, 
but CYP1A activity increased from 3 day larvae through 90 day juveniles to 
adults (Peters and Livingstone, 1995). Fish may show species specific 
control of their basal level of CYP1A. 
4.1.4.2 Detection of CYP1A in Teleost 
According to Anderson et al. (1995), the induction of CYP1A1 can be 
. measured at 4 levels, namely detivation (activity), translation (protein), 
^ —transcription (mRNAj and receptor binding {receptor-DNA interaction). 
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One of the most frequently used techniques to measure CYP1A activity is 
to measure 7-ethoxyresorufin 0-deethylase {EROD) activity {Klotz et al., 
1984). CYP1A can specifically catalyze the deethylation of the 7-ethoxy-
resorufin to yield resorufin which has a distinct absorption peak at 572 nm: 
NADPH + O2 
7-Ethoxyresorufin > Resorufin + Ethanal 
( W = 482 nm) CYP1A Pwnax= J^2nm) 
The spectrophotometric measurement of the amount of resorufin released to 
indicate the CYP1A activity was simplified with the use of multiwell plate 
(Hahn et al., 1996). However, to obtain consistency of results, optimization 1 
of incubation conditions and concentration or reagents are recommended 
(Forlin et al., 1994). Moreover, care should be taken as EROD activity is 
subjected to substrate inhibition (Klotz et al., 1984). A number of 
environmental pollutants such as organotin (Bruschweiler et al., 1996), heavy 
metals such as Cu (Flammahon et al., 1996) and some endogenous factors 
such as estradiol (as explained earlier) may inhibit EROD activity. Therefore 
it is better to measure CYP1A expression in more than one parameter. 
CYP1A protein content can be detected by Western blot analysis, ELISA 
and immunocytochemistry. Western blot analysis can reveale the size of 
CYP1A protein and is able to determined CYP1A i so forms (Miranda et al., 
1993). ELISA offers a greater sensitivity than Western blot and 
immunocytochemistry and is capable for analyze a large number of samples 
(Forlin et al., 1994). Immunocy tochemis t r y can reveal the tissue or cellular 
distribution of the CYP1A proteins and can be used to identify the target cells 
or tissues that would be affected by the CYP1A inducers. However, the 
detected CYP1A may not be functional (because of inhibition) and no fish 
specific antibody is commercially available (Forlin et al., 1994). 
The measurement of CYP1A mRNA can be achieved by Northern blot 
—ana lys i s - o r RT-PCR. " The trout CYP1A1 cDNA was able to give 一 
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hybridization signal to a number of BNF-treated teleost species, snake, turtle 
and rat, suggesting its great potential in biomonitoring (Haasch et al.. 1989). 
However, species specific cDNA probe is required in some fish species, at 
least in plaice (Leaver et al., 1993). RT-PCR is advantageous than Northern 
blot analysis in terms on sensitivity and quantification of CYP1A mRNA can 
be further determined by RT-competitive PCR (RT-cPCR) (Campbell et al., 
1996). 
AhR-DRE interaction is the primary response of the induction of CYP1As 
and this response can be measured by reporter gene system (RGS, 
Anderson et al., 1995) The RGS contains a vector which has a reporter 
gene such as luciferase (Anderson et al., 1995) or alkaline phosphatase (EI-
Fouly et al., 1994) linked with a promoter containing DREs. The vector is 
transfected to dioxin-responsive cell line and this cell line is useful for testing 
the potency of a chemical to induce CYP1As and detecting the presence of | 
CYP1A inducers in environmental samples such as sediment extracts. 
4.1.4.3 CYP1A Studies of Common Carp 
Carp species is sensitive to CYP1A inducers such as HAHs (Ueng et al., 
1992; Weiden et al., 1994a). The toxic effects exerted .by single dose 
injection of TCDD in carp is shown in Table 4.3 (Weiden et al., 1994a). 
The studies on induction of CYP1A in carp species are limited and most 
of the studies focused on the protein and activity levels. For example, low 
dose TCDD treatment (0.03 and 0.05 ^ig/kg body weight) can significantly 
increase the EROD activity for 6 weeks while a dose 0.27 mg TCDD/kg body 
weight can increase EROD activity with a 100-fold after 1 week (Weiden et al., 
1994a). The relative potencies of different HAHs for the induction of EROD 
activity in carp were compared and the result showed that 2,3,7,8-TCDD is 
the most potent, followed by 1,2,3,7,8-PnCDD, 1,2.3,6.7,8-HxCDD. 2.3.4.7,8-
:——- PnCDF, 2.3.7,8-CDF. and PCBs have the lowest potency (Weiden et al., -
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1994b). In addition, male feral carp found in the areas with pulp and paper 
mill effluent showed elevated level of hepatic EROD activity. 
Table 4.3 Toxic Effects of TCDD on Carp 
Dose ( i^g TCDD/kg body weight) Toxic effects 
2.93 (6 to 12 weeks) 60 % mortality 
2.93 (6 weeks) Decrease in hemoglobin content 
Decrease in hematocrit content 
2.93 and 0.57 Fat depletion and pericholangitis 
0.27 and higher (3 weeks) Decrease food intake 
Severe cutaneous hemorrhages 
Apathetical behavior • 
Swollen gill 
Sunken eyes , 
Lymphocyte depletion 
PAHs were also showed to be able to induce EROD activity and CYP1A 
protein content in carp. A single dose injection of several PAHs including 
. i 
BaP, chrysene could maximally induce EROD activity and CYP1A protein at 
day two after the treatment (Weiden et al., 1994c). 3-MC was shown to 
induce liver CYP1A proteins and EROD activities both in the gill and liver \ 
'i 
significantly (Ueng et al., 1992). | 
4.1.5 Specific Aims of This Chapter 
II 
1 
The specific aims of this chapter are listed as: ;’ 
.;‘ I ^ 在 
1. To isolate the CYP1A cDNA(s) of common carp; | 
？^ 
_ I 
2. To test the inducibility of CYP1A mRNA(s) of common carp. 
Because of the lack of information of the induction olCYP1A in mRNA 
level in common carp, we start to study the differential expression of CYP1A 
mRNA expression by obtaining the cDNA sequence(s) of common carp. The 
, development of common carp specific CYP1A cDNA probe(s) would also be 
——" useful for the detection of the basal and induced CYP1A mRNA levels in ‘ 
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different tissues under different environmental conditions. These baseline 
studies are important for the determination of the usefulness of using common 
carp CYP1A mRNA induction as a biomarker response. 
?'：. 
In addition, common carp is very susceptible to HAHs (Wdiden et al.. 
1994a) and possibly to PAHs, however, the mechanism of these toxicological 
effects had not been determined. The study of the induction of CYP1A(s) in 
common carp is the first step towards this goal as inducibility of CYP1A genes 
and CYP1A gene polymorphism are likely related to the health status of both 
mammalian (Nebert et al., 1996) and teleost species (Roy et al.. 1995; 
Stegeman and Lech, 1991). 
4.2 Strategies 
The first attempt to get common carp CYP1A cDNA(s) was to screen an 
uninduced adult common carp liver cDNA library using a rainbow trout 
CYP1A1 cDNA probe (pfP1-450-3', ATCC#37652). The reasons of starting 
from uninduced tissues were explained in Section 1.3. The rainbow trout 
CYP1A cDNA probe could hybridize with the CYP1A mRNAs of a number of 
vertebrates including teleosts and mammals (Haasch, 1989). This probe 
was used to screen the library for two times (300.000 p.f.u. and 600,000 p.fu. 
for the first and second trials respectively) but no positive signal could be 
obtained. However, using the same set of filter lifts, duplicated signals could 
be obtained by using the winter flounder MT cDNA as probe (Section 3.4.1). 
Therefore, it was suspected that the rainbow trout cDNA probe is not able to 
hybridize with the common carp CYP1A sequence. 
The RT-PCR approach was then adopted for obtaining common carp 
CYP1A cDNA fragments. To design teleost specific primers, the published 
amino acid sequences of several teleost CYP1As (retrieved from Genebank. 
Section 2.1.3) were aligned using the software "Prosis". Six conserved 
— —- .regions with 100% amino acid sequence identities (Fig. 4.6) were identified. — 
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Two other regions, the l-helix and heme-binding regions, which are 
conserved in all P450 proteins (lmai, 1993) and were also identified in the 
teleost CYP1A proteins (Fig. 4.6). l.-helix is an important catalytic sites of 
P450 proteins as it is responsible for binding of the molecular oxygen, internal 
water molecules, and substrates (Fujii-Kuriyama and Gotoh, 1995). The 
cysteine residue in the cysteine containing region is the fifth ligand to the 
heme and it is the most characteristic fingerprint of P450 superfamily proteins 
(Fujii-Kuhyama and Gotoh, 1995). Primers designed from the l-helix and 
heme-binding regions would non-specifically amplified the P450 cDNAs 
(Feyereisen et al., 1994). As l-helix is within the conserved region 3 of 
teleost CYP1As, this region was ignored. 
i 
. I 
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PAT2^ ^ PAT1 
PAT6 • M PAT3 
Conserved Regions ^ . g H ^ g 
ofTeleostCYP1As ^ ^ | 
" t Z U ^ ; ^ i p | ^ H 丨 
:np= : r [ ^ ¾ ^ ^ 1 ^ ¾ 
I- helix region Cys-containing region 
[Trout CYP1A1 (528 a. a.) as Template] 
Fia 4 6 Conserved Regions of Teleost CYP1As Six conserved regions 
( to 6) orteleos^ CYP1A proteins and conserved regions of all P450 prote.ns 
-heSand Cys-containing regions) are shown. The conserved : 「 o ac d 
residues in the I-helix and Cys-containing region of P450 P ^ ^ ^ J ^ 
u n S n e d while the highlighted T and C residues in thel-helix andJ^ys: 
= S i = _ o n s are conserved for molecular oxygen and heme bindings 
(see text), respectively. 
The cDNA sequences and genomic DNA nucleotide sequences 
(retrieved from Genebank. Section 2.1.3) coding for the remaining five 
conserved regions were aligned. A pair of degenerate primers，PAT3 and 
PAT5 were designed from the cDNA sequences coding for the conserved 
regions 5 and 2 respectively (Fig. 4.7). This pair of primers could amplify the 
liver CYP1A cDNA and gene fragments of tilapia but not of common carp. 
Therefore, another pair of degenerate primers. PAT1 and PAT2, were 
designed from the conserved regions 1 and 5 respectively (Fig. 4.7) and th.s 
pair of primers could amplify the CYP1A cDNA and genomic DNA fragments 
of common carp. The amplified cDNA fragments were used as probes for 
screening the common carp liver cDNA library. Southern blot and Northern 
blot analyses. 
i . 
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Consenred region 1 
1 I C G M C F G R R Y 
[ COdlAl 595 ATc TGT GGA ATG TGC TTT GGC CGA CGC TAC 
I b u t l A 607 * * * **Q **T * * • *女* *** *** 女** 女** * * * 636 
p l a l A l 607*** * * * **C * * * * * * **C * * * **G * * * * * * 536 
I t r O l A l 607 * * * * * * * * • * * * * * * **C * * * **G * * * * * * 536 
j t r o l A 2 607*** * * * * * * * * • * * * * *c * * * **G * * * * * * ^^ ^ j 
ii 
_j ____>^_^ ;^>^^^>^ _^^^^^ 
( PAT2 5，ATC TG — GGN ATG TGC TT^ GGC CG^CGC TA 3' 




I Conserved region 5 
P K D T C V F I N Q W Q 
COdlAl I207rrr AAA GAC ACC TGT CTC TTC ATC AAT CAG TGG CAG 
‘^ b u t l A 1159*** • • • 女 女 女 • * & • 女 女 女 女 女 • 女 女 女 女 女 • 女 女 女 女 女 女 女 女 * * * 
S 3_alAl 1 1 9 9 女 女 女 • 女 女 • • • • 女 女 女 女 0 女 女 女 • * 女 • • 女 * * c • • 女 女 女 * * * * 1 2 2 4 
—- ?r〇 lA l 1199*** **G … … … * * * … * * * **C … … * * * 1 2 2 4 
！ t r o l A 2 1199*** **G … … … … … … * * c … … * * * 1 2 2 4 
罢， -
• |pATl 3'GGG TT-CTG TG — AC — CAG AAG TAG TT^GTC ACC GT 5' 
：| ^^ C T G Cr 
、 . • •••• ".•••-•:•:•::.:::: ••••••••••••• 4 •'••-•••••-----••" M I 
i — : “ A 
f PAT3 . 3' AC-CAG AAG .TAG TT-GTC ACC GTC 5' 
^ G I , 
\ 
Conserved region 2 
t 工 D H C E D R K 831 
1 COdlAl 859 ATT GAT CAC TGT GAG GAC AGG AAG 
，、 $ ， t $ 8 4 1 女 女 女 • 女 女 • • 女 • 女 女 女 女 女 • 女 女 * • 女 • 女 女 8 6 3 
！ 二 ^ 841 … * * C … * * C … … * * * … 8 6 3 
1 ？ 二 丨 841 … * * C … … … … … * * A ' ' ' 
- ^^^^^2 8 4 1 * * * 女 女 。 • 女 女 … … … * * * **A 863 
營 
i 
I 丨丽5 ^ ^ ATT GA- CAC TG^GAG GAC AGG AA 3' 
t c c — 
^- • • .•••.. . . • • . . . - . - •••.•••••••• • •.••• • •- - • • 一 ‘ ‘ l__ I ‘ m 
1 Fia4 7 Primer Design for Amplification of Teleost CYP1A cDNA 
S S i i a S n : but1A. butterfly fish CYP1A; cod1A1tomcod CYP1,1^ P;^ a1A 
Saice CYP1A1; tro1A1. rainbowtrout CYP1A1; tro1A2, ra.nbowtrout CYP1A2. 
I N. nucleotides A’ T. C OR G. For Genebank accession numbers, see 
Section 2.1.3. 
r ， 
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4.3 Specific Methods 
• 
4.3.1 RT-PCR of CYP1A cDNAs of Common Carp 
Total RNA was prepared from the liver of an uninduced male adult 
common carp according to the method described by Chomcznski and Sacchi 
(1987) (Section 2.2.3). First strand cDNA was prepared using cDNA 
Synthesis Kit (Pharmacia) (Section 2.2.10). Two ^1 first strand cDNA (0.1 i^g 
mRNA/^iI) was used as template to amplify the CYP1A cDNAs using 
ThermoprimePius DNA Polymerase(Section 2.1.11). Primers used were 
PAT1 and PAT2 and the PCR conditions were mentioned in Section 2.2.11. 
The amplified PCR products were resolved on a 1.5% agarose gel. 
4.3.2 Determination of the Nucleotide Sequences pf the CYP1A 
cDNAs of Common Carp 
The amplified CYP1A cDNAs were purified and cloned into pCR™ll 
vector (Takara) (Section 2.2.12) and positive clones were selected by blue/ 
white selection (Section 2.2.13). Eight white colonies were selected for 
sequencing. Plasmid DNAs were prepared by Wizard Minpreps (Promega) 
(Section 2.2.1). Sequencing primers T7 and R were used for nucleotide 
sequence determination using T7 DNA Sequencing Kit (Pharmacia) (Section 
2.2.14). The nucleotide and the predicted amino acid sequences were 
analyzed by the softwares "DNASIS" and "PROSIS". 
4.3.3 cDNA Library Screening 
450,000 p.f.u. were spread on 15 agar plates in CG medium. The 
duplicated lifts were hybridized with the a-^^P-dCTP labeled CYP1A cDNA 
(insert released from the clone C122) in Rapid Hybridization Buffer (Sections 






at -70。C with double intensifying screens for 2.5 days. Plaques from 
duplicated signals were picked up for secondary screening (Section 2.2.9) 
and PCR screening. PCR screening strategy, which will be discussed 
shortly, was applied to identify the potential full-length clones. 
The inserts of the phage library are usually lack of some sequences at 
their 5, ends. It is because when the first strand cDNAs were synthesized, 
reverse transcription was initialized at poly-A sites (usually poly-A tail of 
mRNA) but could stop everywhere along the RNA transcripts. PCR 
screening techniques described here is a rapid method to identified the 
potential full length cDNA clones. 
PCR screening was based on the unidirectional doning nature of the 
, cDNA library. As two primer sites, T3 and T7, were present at the 5，and 3, 
等 • 
ends of the cDNA inserts respectively, primers T3 and 17 can be used for 
； insert size determination and positive control. Another set of primers, T3 
and CCYP9. were used to identify the full length CYP1Aclone(s). CCYP9 is 
an antisense gene specific primer designed from the cDNAs of common carp 
(Section2.1.2.6). Only the potential.CYP1Afull length CYP1Aclones were 
capable of generating PCR products with sizes greater than 1.2 kbp by using 
-¾ 
- T3 and CCYP9 primers (Fig. 4.8). Therefore the phage containing full length 
CYP1A cDNA inserts could be identified in a faster way. 
I Two j_il phage stock would be used as DNA template and PCR was 
carried out with 1unit of Thermoprime^'"' DNA Polymerase (Section 2.2.11) 
•: and 0.2 mM dNTP in recommended buffer. PCR conditions were mentioned 
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T3 CCYP9 T7 j 3 CCYP9 T7 
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I 1 I I 
>1.2kbp <1.2 kbp 
Full length CYP1A cDNA Incomplete CYP1 cDNA 
t "、 
1 Fig. 4.8 PCR Screening Strategy The full length CYP1A cDNA could 
generate PCR product with size greater than 1.2 kpb by using primers T3 and 
CCYP9. 
4.3.4 Analysis of the CYP1A Genes of Common Carp 
The CYP1A genes were analyzed by Southern blot analysis and PCR. 
Southern blot analysis of the genomic DNA was carried out to analyze the 
CYP1A genes of common carp. Digested genomic DNA fragments (10 ^g) 
of common carp were resolved on a 0.7% agarose gel and transferred on to 
nylon membrane (Section 2.2.5) which was then hybridized with the a-^^P-
dCTP labeled CYP1A insert of clone C122 in Rapid Hybridization Buffer 
(Section 2.2.7 and 2.2.8). The washing conditions were the same as 
mentioned in Section 2.2.8, but with an extra wash with 1X SSC/1% SDS at 
65°C for half an hour. Autoradiograph was developed in Kodak XOmat film 
., at -70°C for 4 days with double intensifying screens. 
The CYP1A genes were a\so studied by PCR. The kit PCR Master 
(Boehringer Mannheim) was used to amplify the CYP1A gene fragments of 
、 common carp in a 100 d^ reaction volume containing 100ng of each of the 
primer PAT1 and PAT2 and 40 ng common carp genomic DNA as template 
(Section 2.2.11). The PCR products were precipitated by 0.1 volume of 3 M 
NaOAc and 1 volume of isopropanol and the precipitated PCR products were 
dissolved in 20 |il autoclaved distilled water. Half of them were digested with 
Xba I. The PCR products and the digested fragments were resolved on 2% 
,‘场 




4.3.5 Induction of CYP1A mRNA of Common Carp Injected with 3-MC 
3-MC (Fig 4.1) was chosen as chemical model for the induction 
experiment. The choice of 3-MC was due to several reasons. Firstly, 3-MC 
was previously shown to induce EROD activity and CYP1A protein in common 
carp (Ueng et al., 1992). Secondly, 3-MC is commercially available in 
Hong Kong but more potent CYP1A inducers like TCDD are not, although 
they show greater inducing effects in carp species. Besides, compounds 
like TCDD is extremely toxic to animals and stable and therefore special care 
is required in handling and treatment of wastes. 
The dosage was adopted from Ueng et al. (1992) which based on 
preliminary dose-response relationship studies in common carp. Juvenile 
common carps were used and the reasons have been mentioned in Section 
3.3.7. Nine juvenile common carps (15 to 60 g), which were obtained from 
Agriculture and Fisheries Department, Hong Kong Government, were 
acclimatized for 1 month without food supply and induction test was carried 
out in January. Five of them were administered with 3-MC (20 mg/kg body 
weight/day) intraperitoneaIly for four constitutive days. As a control, the 
remaining four were treated with corn oil. One of the 3-MC treated common 
carp died at day four. The surviving common carps were sacrificed at day 
、 five and tissues were removed and kept at -70°C until use. 
Total RNA (20 i^g) from a number of tissues obtained from the 3-MC 
treated and control juvenile common carps were extracted by TRIzol^^ 
'、*. 
Reagent (Life Technologies) (Section 2.2.3) and were resolved on a 1.2% 
denaturing agarose gel in 1X MOPS. The RNA samples were transferred on 
to nylon membrane which was then hybridized with the a-^^P-dCTP labeled 
CYP1A cDNA (C122). The washing conditions were described as before 
(Section 2.2.8) with an additional wash by 0.5X SSC/1 % SDS at 70°C for half 
K 
an hour. Autoradiograph was developed with Kodak XOmat film for 1 day at 
i -70°C with double intensifying screens. 
各 
f 1 122 
4.4 Results 
4.4.1 RT-PCR of CYP1A cDNAs of Common Carp 
Using RT-PCR, CYP1A cDNA fragments (650 bp) were amplified. The 
result was shown in Fig. 4.9. 
祐# 
^ 0 ‘ ^ 
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、 Fig. 4.9 RT-PCR for CYP1As of Common Carp PCR conditions were 
mentioned in Section 2.2.11. In the negative control (-ve), actin primers, 
PAT1 and PAT2 were added to carry out the PCR reaction without template 
while positive control was performed by the amplification of actin cDNA. The 
、 positions of the amplified CYP1A cDNA fragments (650 bp) and actin cDNA 
<-4' 
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4.4.2 Determination of the Nucleotide Sequences of the CYP1A 
cDNAs of Common Carp 
Partial sequencing data revealed that there were two types of CYP1A 
cDNAs. Six of them were classified in one form (representative clone: C122) 
and the remaining two (representative done: C123) were classified to another. 
I , A pair of primers, CCYP8 and CCYP9 (Fig. 4.10), were designed from the 
W 
；善 conserved regions of the two forms, of CYP1A cDNAs to determine their 
sequences by primer walking. The overall nucleotide sequence identity and 
the predicted amino acid sequence identity are 90.2% and 91.6% 
respectively. Alignment of the nucleotide sequences of the two forms of 
CYP1A cDNAs and their predicted amino acid sequences were shown in Fig. 
4.10. 
4.4.3 Library Screening 
Sixty-four positive clones were obtained from primary screening, 
whereas thirty-three positive signals were obtained from secondary screening. 
The clones were plaque-purified and subjected to in vivo excision. Sixteen 
of them were shown to have inserts which could be hybridized with the 
•f 
common carp CYP1A cDNA probe (data not shown). 
H:., 
The sixteen clones were digested with Hinc 11 and three types of CYP1A 
cDNA clones could be identified. Two of them (representative clones are 5-
f 
1 and 20-2) contain two Hinc II sites in different positions while the remaining 
: one (representative is clone 6-1) has only one Hinc II site (Fig. 4.11). 
i 
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PAT2 ^ 
C122n 1 i l i S i i i i S i i i l i M S * ^ Arg i | | Gly ^ ¾ ¾ ^ ¾ 16 
C122a 1 ATC TGC GGG ATG TGC TTC GGC CGA. CGC TAC GGC CAC GAT GAT GAC GAG 48 
C123n 1 ATC TGT GGA, ATG TGC TTT GGC CGG CCC TAC AGC CAC GAC GAC GAC GAG 48 
c i 2 3 a 1 wm^mmm^m&mmmrn p r o m s e r wm^mmmm^i ^^ 
CCYP 3 ~> 
C122n 17 3Lou val Gly Jt^Ct Vai ksm Leu '3ex- 2k^ Qitt Ph6 aiy L>y^  aei6. t ^ Siy 32 
C122a 49 CTG GTG GGT TTG GTC AAT TTG AGC GAC GAG TTC GGG AAG ATC GTA GGA 96 
C123n 49 CTG GTG A6C TTG GTC AAC ATG AGC GAC GAG TTC GGG AAG ATC GTA GGA 96 
Ci23a 17 1^ Vai Ser Le« Vai Asa Met Ser jE^ ca« Phe ®iy 詞& l ie Vai 0¾¾ 32 
C122n 33 5<0«r JJ$y 為9«» Pt<S- ft^^ lK^ ^ l U PtA ^ J^ #^gt X1« J^ P*A 5^<f 48 
C122a 97 AGC GGC AAT CCT GCA GAT TTC ATC CCT TTC TTG CGT ATT CTG CCC AGC 144 
C123n 97 AGC GGG AAT CCT GCA GAT TTC ATC CCT TTC TTG CGT ATT CTG CCA AGC 144 
C123a 33 S02f Siy Asa ^ <x AiA 2k3^  m^ 3tl^  P^O- Ph6 LiSSt Pc£^  i i6 L&M »«£>. 3¾¾ 48 
C122n 49 Thr Thr Ket Sys Jtfs 5^ Val Ala Jie- jfcsn$ A3,a *iff 5he- S«c lfgn. £^ 64 
C122a 145 ACA ACG ATG AAG AAG TTC GTG GCC ATC AAC GCT CGC TTC AGC AAG CTG 192 
C123n 145 ATG TCG ATG AAA AAG TTC ATG GAC ATC AAC GAT CGC TTC AGC AAG TTG 192 
C123a 49 Met Ser M^^ ^ 5rfii b^ ?h$ Met Asp Ji^ ^o Asp ftJr^ ^  5w F^# J^ U 64 
C122n 65 Met £ys Lys Met ^ ai A£tJ Asp 81« Tyx ifeStp Ser 3?he AS]f^  3E<ys Asp- Aati 80 
C122a 193 ATG AAG AAG ATG GTC AAT GAC CAT TAC GAC TCT TTT GAC AAG GAC AAC 240 
C123n 193 GTG AAG AAG ATC GTC AAT GAA CAT TAC AAC AAC TTC AAC AAG GAT AAC 240 
C123a 65 Val LgfS Sr^S Ile V^i h»ti Glu SiS Sjfr A30 Asn 3PtM5- jfcSSO J^5f« Aop 9iSn 80 
C122n 81 l^d- A£9 Asp 主1办 ¥hif A£lp Sdf Li&tt ：£!&• A f^t £Cld 6¾¾ Olii A^ Ati^  1¾¾ 96 
C122a 241 ATC CGA GAC ATC ACC GAT TCG CTC ATC AAC CAC TGC GAA GAC CGG AAG 288 
C123n 241 ATC CGA GAC ATC ACC GAT TCA CTC ATC AAC CAC TGC GAA GAC CGG AAA 288 
ci23a 81 Xie Aj29r As^  lie- Tbr Jk^ Ser l^ vt lie- Aan. 81« Cy« Oitt Aap- Ae^r ^ ¾ 96 
Cl22n 97 &«?« A«F <^W A«n. $QT A<m V«I $irt 父在主 $er Afi5J- 03t« fcyj? tis>： V«J 軟？ H2 
C122a - 289 CTG GAC 6A6 AAC TCA AAC GTG CAA GTG TCT GAT GAG AAG ATT GTC GGA 336 
C123n 289 CTG GAC GAG AAC TCA AAT GTC CAA GTG TCC GAT GAG AAG ATT GTC GGA 336 
C123a 97 3L6t A£ij^  <3itt AStt S^ A f^t VAl (5ift V;k^  资6« A^ p- aiQ 3¾¾ ii& Vai ^ iJf 112 
Ci22n 113 l i« VAi A&:n; Asp X^ ^ ?he ^iy i5da «iy pJ«» A»p 223 I^« «»r T^ v >Ria 128 
C122a 337 ATC GTC AAT GAC CTC TTC GGA GCT GGT TTC GAT ACT ATC AGT ACA GCT 384 
C123n 337 ATC GTC AAT GAC CTC TTC GGA GCT GGT TTC GAC ACT ATC AGT ACA GCT 384 
C123a 113 U^ Va,X ASfft Afi^  t ^ $^MS t^^ f AXa <Kty «1« ^ 223 Ue ^ v fhr： Aia 128 
C122n 129 L^ u iSfeT T3fJ? A2,a Vai- Vai t^ rr LfeU VAi AX,a Tjf»- »»o <31u 11« «Xn «ro 144 
C122a 385 CTG TCT TGG GCT GTC GTC TAT CTA GTG GCC TAC CCT GAG ATC CAG GAG 432 
C123n 385 CTG TCT TGG GGT GTC GTC TAT CTA GTG GCC TAC CCT GAG ATC CAG GAG 432 
C123a 129 LeTl s^r fsp Gly VAt VAt ^ rr Irf^ ^ VAt ftia ^rjr Pxo «i"a Ii« <5iR «iu 144 
- C122n 145 A»^  lx^ U 5^j* A^ ^lU L4fiM Arg 61u Ly^  XI«! <51y «6fc )k&p A»^  ttfer^  »»0 160 
^ C122a 433 CGA CTG CAA A6A GAG CTG AGA GAA AAG ATC GGA ATG GAC CGA ACG CCA 480 
,¾ C123n 433 CGA CTG CAA AGA GAG CTG ATG GAA AAG ATC GGA ATG GAC CGT ACG CCA 480 
f ci23a 145 Ajpg Z^ u xSin Ar^  «i« %i&a. Met Qta ^ fJ» 11« <3ly Mefc As^  Ar^  tChr 3?ro 160 
^ C122n 161 鄉 Ji0y 5^ # A：^  A»« *?)» h/^ X>^tl 3?牧 Val t^\i t^>i AU 3?¾^  t t f 5>^¾* 176 
JC122a 481 CGT TTG TCA GAC AGA ACG GAC TTG CCA GTT CTT GAG GCC TTC ATT CTG 528 C123n 481 CGT TTG TCG GAC AGA ACG GAC TTG CCT TTT CTT GA6 GCC TTC ATT CTG 528 
C123a 161 A»^  l>&fi ^ 4bi3i »^ p A^ ¾^!^  lk&p LAU 节执 Phe 1^ <^ lu A1^  3««» 11« L^ U 176 
邏 . 
'纖 Conserved region 4 
C122n 177 顯誦誦 the Arg His Ser Ser Phe Leu Pro Phe Thrllle |^義画 Ser 192 
C122a 529 <^ ATC fTC CGC CAT TCA TCC TTC CTT CCT TTC ACC ATT CCT CAC_TCT 576 、 C123n 529 GAG ATC CTC CGT CAT TCG TCC TTC CTT CCT TTC ACC CTT CCT CAC TGT 576 
C123a 177 醒 圓 bhP &rg Hi<; SPr Ser Phe T,en Prn Phe ThrLeu 漏 國 Cys 192 
<-CCYP9 
C122n 193 i l | _ i i i i i i i l _ i a i _ i i i i i i i i i i i i i i i i ^ i i | i i ^ g l 208 C122a 577 ACG TCT AAA GAC ACG TCG CTC AAT GGA TAT TTC ATT CCC AAG GAC ACA 624 C123n 577 ACG TCT AAA GAC ACG TCG CTC AAC GGA TAT TTC ATT CCC AAA GAC ACC 624 
C123a 193 _ 画 _ 醒 謹 _ ^ ^ « « 1 1 1 議 _ 議 議 國 _ 醒 208 
C122n 209 |1|：1|1|||| Val i i S S l 215 
C122a 625 TGC GTC TTC GTC AAT CAG TGC 646 
C123n 625 TGC GTC TTC ATC AAC CAG TGC 646 、 C123a 2 0 9 圓 画 議 I l e 讓 漏 漏 2 1 5 ,; ， —PAT1 
J (PTO) 
i Fig. 4.10 Alignment of the Two Forms of CYP1A cDNA Sequences .| 
I . 
1125 
and Their Predicted Amino Acid Sequences of Common Carp 
Conserved region 4 is boxed while the primer annealing sites are underlined. 
The conserved amino acid residues predicted from the cDNAs nucleotide 
sequences are blocked. Threonine-124 in the conserved region 3 (l-helix) is 
responsible for 02-binding. Abbreviation: G122n and C123n, cDNA 
sequence of clones C122 and C123, respectively; C122a and C123a, amino 
acid sequence predicted from the cDNA clone C122 and C123, respectively. 
PCR strategy (Section 4.3.2) was used to screen for the full length clones. 
Using the phages from primary screening, thirty-four of them could generate 
PCR products by primer T3 and CCYP9 with different sizes but only 4 of them, 
plaques 8-1, 13-5, 13-6 and 20-2 could generate PCR products greater than 
1.2 kbp. Using phages from the secondary screening also produced the 
same results (Fig. 4.12). In Fig. 4.12, using T3 and T7 as primers, two PCR 
products (one with sizes about 2.5 kbp which were most likely to be the 
CYP1A cDNA and one smaller than 2 kbp) were observed in the plaques 8-1 
and 13-5 but not in plaques 13-6 and 20-2. It indicated that the plaques 8-1 
and 13-5 were contaminated by other phages and it might explain why 
CYP1A phagemids could be obtained from plaques 13-6 and 20-2 but not 
from plaques 8-1 and 13-6 by in vivo excision. In Fig. 4.12，the longer PCR 
products generated from plaques 8-1 (2.5 kbp), 13-5 (2.5 kbp) and 13-6 (2.3 
kbp) with primers T3 and CCYP9 were likely to be the potential full length 
CYP1A cDNAs. As the 5' ends of the CYP1A inserts of plaques 8-1, 13-5 
and 13"6 were similar in size as indicated by their PCR products amplified 
••.〜： 
with primers CCYP9 and T3, plaque 13-6 was likely to have a shorter 3’ end. 
Two clones (pBluescript SK phagemids) with incomplete CYP1A cDNA 
‘ inserts (5-1 and 6-1) and two potential full l e _ clones (13-6 and 20-2) were 
’ digested by Hinc II, Hind lli and Kpn I. The phagemids with cDNA inserts 
contah one Kpn I site just beyond the 3，ends but the phagemid itself contains 
neither Hinc II nor Hind III sites. The digested DNA fragments were resolved 
on 1.5% agarose gel in 1X TAE buffer. The restriction patterns and the 
1 approximate positions of the restriction enzyme recognition sites of the 4 
^ clones were shown in Fig. 4.11. The results showed that 4 forms of CYP1A 
w--
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Clone 5-1 (1600 bp) I ——I 
Hc Hd K 
i i + 
Clone 6-1 (1400 bp) 丨 丨 
Hc & Hd Hc K 
,, i i 
、 Clone 13^ (2200 bp) ^  ‘ 
Hc & Hd Hc Hd K 
1 1 1 t 
Clone 20-2 ——丨 - I 
(2400 bp) 
^ • 
1000 bp 、 
B 
Fig. 4.11 Mapping of the Restriction Enzyme Sites of the CYP1A 
cDNA Clones Panel A Four CYP1A clones of common carp (5-1, 6-1, 
13-6, 20-2) were digested by the restriction enzymes Hinc 11, Hind III and/or 
Kpn i. Panel B The predicted restriction sites of the 4 clones are indicated. 
^ Abbreviation: Hc. Hinc 11; Hd, Hind III; K, Kpn I. 
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Fig 4.12 PCR Screening for the Full Length CYP1A Clones 2 i^l 
i phage stock from plaques 8-1, 13-5，13-6 and 20-2 from secondary screening 
were used as DNA templates. For the negative control, no DNA template 
— was added. The arrow (—) indicates the sizes of the potential full-length 
二 CYP1A cDNA inserts of plaques 8-1, 13-5 and 13-6. 
4.4.4 Analysis of the CYP1A Genes of Common Carp 
: The result of the Southern blot analysis of the genomic DNA of common 
“ carp is shown in Fig. 4.13. From the Hind iil digested genomic DNA 
fragments, two hybridization signals at 6.5 kbp and 3.0 kbp could be observed. 
： It suggested that common carp may have two CYP1A genes in Ks genome. 
^ The CYP1A genes may have Xba 丨 sites in their introns (CYP1A cDNA inserts 
*T 
1 of cones C122 and C123 do not have Xba I site) which gave rise to 5 
， hybridization signals from the Xba I digested genomic DNA fragments. The 
I CYP1A gene fragments digested by EcoR I were too large to be distinguished 
工 with agarose gel electrophoresis and therefore only one hybridization signal 
i was observed. 7 ‘ • f 
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I Fig. 4.14 PCR Analysis of the CYP1A Gene Fragments of Common 
f Carp Genomic DNA fragments of CYP1A genes (100 i^l) amplified by primer 
J PAT1 and PAT2 were precipitated and half of them were digested by by Xba I. 
j Negative control was not shown. 
i -,:S. =I^ ‘ 金 • ^ . f4 130 • . : 
•1 
The result of PCR analysis of the CYP1A gene fragments of common 
carp is shown in Fig. 4.14. Two PCR products with sizes about 1.9 kbp and 
1.8 kbp which were hybridizable with the CYP1AcDNA of common carp (data 
not shown) could be observed and it further supported that common carp 
have two sets of CYP1A genes. However, when the two PCR products were 
digested by Xba I, the upper fragment was shown to contain at least two types 
of PCR products, in which one of them does not have Xba 丨 site while the 
other has one. The lower fragment also contains an Xba I site. These 
resLmssuggested that at least 3 types of CYP1A genomic DNA fragments 
could be amplified by PCR. Together with the data from RT-PCR and library 
screening, common carp appeared to carry multiple copies of CYP1A genes. 
4.4.5 Induction Test of the CYP1A mRNA of Common Carp Injected 
with 3-MC 
The result of the Northern blot analysis was shown in Fig. 4.15A. The 
intensity of the signals were normalized with 28s rRNA (from the negative film) 
and the normalized data were graphically presented in Fig. 4.15B. Table 4.4 
also showed the magnitude of induction pf CYP1A mRNA from different 
tissues. 
、 The results of the Northern blot analysis showed that CYP1A mRNA(s) 
can be induced in ail the tissues studied. Two hybridization signals (2.4 kb 
and 1.9 kb) were observed iri the 3-MC-treated tissues. In terms of 
inducibility, heart and giil were the most responsive tissues while liver and 
: kidney showed little induction. Cadmium, in contrast, decreased the CYP1A 
mRNA expression in liver, 
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Table 4.4 Magnitude of Induction of CYP1A mRNA in Different 
Tissues of Common Carp The magnitude of induction of 3-MC treated 
juvenile common carp in different tissues were calculated by the normalized 
optical densities of different tissues (Fig. 4.14) over that of the corn oil-treated 
ones. In addition, the magnitude of induction of CYP1A mRNA of CdCI2-
treated liver of juvenile common carp was calculated by the normalized 
optical density to the saline-treated one. 
Tissues 
Brain (3-MC treated) 
Gill (3-MC treated) 
Heart (3-MC treated) 
Intestine (3-MC treated) 
Kidney (3-MC treated) 
Liver (3-MC treated) 
Liver (CdCb treated) 
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4.5 Discussion 
4.5.1 On the Use of Rainbow Trout CYP1A1 cDNA Probe 
The rainbow trout CYP1A1 cDNA probe (pfP1-450-3', ATCC#37652) was 
used to screen the uninduced common carp cDNA library, but no positive 
signal was obtained. It may be due to two reasons: (1) the library does not 
contain any CYP1A cDNA; (2) the CYP1A1 cDNA probe is not suitable for 
library screening. The first reason was ruled out as CYP1A clones were 
obtained using an amplified CYP1A cDNA of common carp as probe from the 
same library (Section 4.4.2). 
Leaver et al. (1993) also could not get any positive signals using the 
same CYP1A1 cDNA probe to screen the cDNA library of plaice as well as 
RNA analyses from plaice, founder and dab. In fact, only 1/4 of the 
nucleotides of the rainbow trout CYP1A1 cDNA probe is within the coding 
region and the remaining is the entire 3' untranslated region, which is not 
conserved among different species. This non-conserved 3' untranslated 
regio"n would reduce the overall sequence homology to the CYP1A 
mRNAs/cDNAs of some of the teleost species, such as plaice and common 
carp. This further illustrated the importance of obtaining species specific 
CYP1A cDNA probes for RNA analyses. 
4.5.2 CYP1A cDNAs of Common Carp 
Using RT-PCR techniques, two different of CYP1A cDNA fragments were 
amplified. However, only primers PAT1 and PAT2, but not primers PAT3 
and PAT5, were able to amplify the CYP1A cDNA of common carp. When 
the nucleotide sequences of C122 and C123 are aligned with the primer 
sequences of PATS, there are four mismatches but only one mismatch was 
-- -' " - -'--~-:- '-- '--:-:'-;:""": ":-: ___ tQ~Jt1.~tJ.~ tilapia (T3S2). It could explain why using PAT3 and PATS could 





S'ATT GAT/C CAC TGT/C GAG GAC AGG AA3' 
5' ATd~ MC CAC TGC GM GAC tfGG AA3' :.:.:.: . . :.:.:.: ;.;.;.:. .:.:.:.: 
5' ATT GAT CAC TG!§ GAG GAC AGG AA3' 
Fig. 4.16 Alignment of the Nucleotide Sequences of the CYP1A 
cDNAs of Tilapia and Common Carp to the Annealing Sites of Primer 
PATS The blocked nucleotides indicate the mismatches. T352 is the 
CYP1A cDNA amplified using primer PAT3 and PAT5 (unpublished data in 
the present study. 
The two cDNAs fragments share high degree of identities both in their 
nucleotide sequences and their predicted amino acid sequences~ When 
compared to the nucleotide and amino acid .sequences of other teleost 
CYP1As, the sequence identities are over 70% (Table 4.5) . . The amino acid 
sequence identities of the common carp CYP1As and rainbow trout .CYP1A1 
or CYP1A2 are over 80%. The nucleotide sequence identities decrease to 
about 65%, 60% and 50% when compared to the mammalian CYP1A1, 
CYP1A2 and CYP1 81, whereas the amino acid sequence identities decrease 
to about 60%, 50% ' and 38%, respectively. The two CYP1A cDNAs of 
common carp, judging from the sequence identities, are likely to be the 
homologs of mammalian CYP1As, but not CYP1 81. 
The two forms of CYP1A mRNAs may be either encoded by allelic 
variants or from different CYP1 A genes. Genetic polymorphism of CYP1 A 1 
gene was reported in Atlantic tomcod (Roy et al., 1995). The two variant 
CYP1 A 1 genes differ only in the length of their 3' untranslated regions, but in 
the present study, the two forms of CYP1A mRNA have different coding 
sequences and hence different amino acid sequences. 
According to Nelson et al. (1993), P450 proteins show amino acid 
sequence identities over or equal to 97% are arbitrarily identified as coding 
from allelic variants. The two amplified CYP1A cDNAs coding for 
polypeptides with 91.6% sequence identity, are likely to be encoded ~rom two 
distinct CYP1A genes, rather than from allelic variants. 
~ ~- ""-" '- ----:,..----.' ---- --._- ... _ -._-. '- -
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Table 4.5 Sequence Comparison of the CYP1As of Different Species 
The nucleotide and amino acid sequence identities are indicated as 
percentage. For the accession numbers of the P450s in Genebank, see 
Section 2.1.3. Tilapia CYP1A nucleotide and amino acid sequences are 
unpublished data in the present study. 
C1.22 C123 
Amino acid Nucleotide Amino acid Nucleotide 
C122 100 100 90.2 91.6 
C123 90.2 91.6 100 100 
Tilapia CYP1A 77.8 72.9 78.6 73.9 
Trout CYP1A1 82.7 76.4 83.2 77.5 
Trout CYP1A2 81.8 76.6 83.6 77.6 
Scup CYP1A 79.4 75.3 76.2 '75.9 
Tomcod CYP1A1 75.7 75.0 79.9 75.3 
Toadfish CYP1A 76.6 74.4 79.0 74.4 
Plaice CYP1A1 76.6 73.9 76.2 73.9 
Butterfly fish CYP1A1 76.6 72.8 79.0 76.2 
Human CYP1A1 62.1 64.9 60.7 65.9 
Mouse CYP1A1 64.0 65.3 63.6 65.7 
Rat CYP1A1 65.0 65.3 64 65.1 
Hamster CYP1A1 NO 63.6 NO 64.2 
Guinea Pig CYP1A1 NO 61.8 NO 62.7 
Human CYP1A2 51.9 61.5 51.9 62.4 
Mouse CYP1A2 50.5 59.8 50.5 61.0 
Rat CYP1A2 49.5 60.1 50.5 61.7 
Hamster CYP1A2 49.5 59.0 50.5 59.6 
Guinea Pig CYP1A2 50.9 61.2 53.3 62.7 
Human CYP1 81 38.2 51.5 36.4 49.9 
Mouse CYP1 81 38.6 47.4 37.7 47.4 
RAT CYP181 37.7 49.6 37.3 49.6 
NO- not yet done 
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Although the rainbow trout CYP1A1 and CYP1A2 have' high degree of 
identities in their amino acid sequences and nucleotide sequences, but DREs 
are only found in CYP1 A 1 gene (Berndtson and Chen, 1994). In human, 
.OREs are located 900 to 3000 nucleotides at the 5' upstream regions of 
CYP1 A2 genes (Lai et al., 1996). It is possible that DREs may be present in 
the rainbow trout CYP1A2 gene further upstream at the 5' region, as only 
1000 bp upstream of the ' rainbow trout CYP1 A2 gene was characterized 
(Berndtson and Chen, 1994). On the other hand, the two CYP1A genes in 
rainbow trout are differentially regulated by hexachlorobiphenyl (Curtis et al., 
1996). From the regulation point of view, the two CYP1A genes are likely to 
be two distinct CYP1A genes, but not allelic variants. The two forms of 
CYP1As of rainbow trout have high amino acid and nucleotide sequence 
identities (over 98%) in the amplified regions of the common carp CYP1A 
cDNAs in the present study. However, no specific similarities between the 
two forms of CYP1A cDNAs in common carp and rainbow trout could be found 
in this amplified region. Whether the two forms of CYP1A represent two 
distinct CYP1A genes in common carp requires more research to confirm. 
In fact, with the rapid development of molecular biology, the number of 
P450 genes being identified are increasing (Estabrook et al., 1996). The 
classification of P450s become more complex and cannot only depend on 
amino acid sequence identities. For example, it was shown that nucleotide 
substitution or deletion at functionally critical sites of P450s resulted in very 
different catalytic activities (reviewed by Gonzalez, 1992 and Chloerton et al., 
1992). In addition, even two P450s have similar catalytic activities, their 
regulation may be different. For example, rat CYP2A3 and mouse Cyp2a-5-
COh1 have Ala at position 117, which could account for their low coumarin 7-
hydroxylase activities, but they are inducible by 3-MC and phenobarbital 
respectively (reviewed by Gonzaiez, 1992). The regulatory elements of the 
CYP2A genes might have evolved differently in different organisms. 
'~------'---- - "itisc onceivable-that different organisms would_h~ye_!~"~"ir unique sets of 




throughout the evolution. The two CYP1A genes of rainbow trout might have 
evolved differently in comparison with the two mammalian CYP1A genes 
and therefore they are not necessarily othrologous. From the same 
viewpoint, the two CYP1A sequences identified in common carp may also not 
othrologous to those CYP1As in rainbow trout. 
The amino acid sequences of the conserved regions 3 and 4 of CYP1As 
of the teleost species are aligned with the mammalian CYP1s and some 
P450s of teleosts (Fig. 4.17). The amino acid sequences DXFGAXXXT and 
RXXSXXPXTXPH, where X denotes any amino acid, are conserved in all 
I CYP1 proteins in the conserved regions 3 and 4 respectively. The last T in 
I conserved region 3 is used for binding of molecular oxygen and it is highly 
: | conserved in ail P450s (Fujii-Kuriyama and Gotoh, 1995). In conserved 
I region 3’ the first two amino acid residues of the teleost CYP1As, SDXK, is 
conserved in mammalian CYP1A1, whereas the amino acid sequence 
IVXXVN of teleost CYP1As is conserved in mammalian CYP1A2 only. No 
f 
such conserved amino acid sequence can be identified to be specific for 
CYP1B1. On the other hand, in the conserved region 4, the amino acid 
sequences of the CYP1 are very similar as at least 9 out of 13 residues are 
conserved. This region may be a ‘fingerprint，of CYP1 gene family. The 
alignment of the amino acid sequences of trout CYP2K1 and CYP17 shows 
、 much less conservation of amino acid sequences and it suggests that the 
conserved regions are specific to CYP1 only. 
4.5,3 CYP1A Genes of Common Carp 
〜• 
.广 
Using the RT-PCR techniques, two CYP1A cDNAs were amplified from 
an adult common carp liver. The Southern blot and PCR analyses of the 
I genomic DNA of common carp showed that 3 CYP1A genes are likely to be 
’、 
I present in the genome of common carp. In addition, by screening the adult 
I liver cDNA library, 4 CYP1A cDNA clones with different restriction enzyme 





are several CYP1A genes (may be up to 4 genes) in the genome of common 
carp. 
As the nucleotide sequences of the CYP1A cDNA clones obtained from 
the cDNA library have not yet been completely determined, it is now difficult to 
determine the relationships among these cDNA clones. However it should 
be noted that common carp, like salmonids, is a tetraploid species which has 
duplicated copies of genes. Nucleotides deletion and substitution can be 
tolerated and accumulated, no matter the genes are encoded for 
nonfunctional proteins or proteins with novel functions {Larhammar and 
Risinger, 1994). This may explain the presence of multiple CYP1A genes in 
common carp as an individual common carp may contain up to 4 different 
t allelic variants in the same locus. 
j 
I Presence of multiple CYP1A genes, in the present study, is likely to be 
I limited to tetraploid teleost species. Using primers PAT1 and PAT2, the 
CYP1A genomic DNA fragments were amplified (Fig. 4.18). The diploid 
species, tilapia and bass, were shown to have one type of CYP1A gene 
fragment. RT-PCR and Southern blot analysis of tilapia genomic DNA 
support that tilapia contains only on CYP1A gene. On the other hand, two 
and three CYP1A gene fragments were amplified from the genomic DNA of 
common carp and goldfish, respectively. The amplified CYP1A gene 
fragments in common carp were later confirmed to have 3 different forms (Fig. 
4.14). It should be noted that the amplified PCR products were not due to 
non-specific amplification, as partial sequencing data confirm that the PCR 
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Conserved region 3 
C122 106 SD^ EKJ:vGlVrmLF6A<5FH 工之已 
C123 106 sDEKIVGXVNDLFGA5FDT 125 
TILAPIA CYPlA 18 SEffiKIVGr^ NDLFGAOTE?^  37 
TROUT CYP1A1 308 s0HKXVGXVN0LFG^ i0F01P 327 
TROUT CYPlA2 308 $E^EKXVGrVNDLFGa&FE^T ^27 
TOMCOD CYP1A1 ^04 gDgKIVGrVNDLFGASFDT ^23 
TOAD FISH CYPlA 308 s^ EOVOIVNDLFOAQFDT 327 
PLAICE CYP1A1 3 0 8 咖 磁 0 工 聊 1 梦 咖 咖 ^ 2 7 
BUTTERFLY FISH CYP1A1 °^® SI>EKIVGIVNDLFGA<3FDT ^^^ 
HUMAN CYP1A0. 303 SKEKIINIVLDLFGAGFDT 322 
MOUSE CYP1A1 304 gDDKVITr^ DLFI5Jfti3FD^ 323 
RAT CYP1A1 307 S0DjcviTXVFP3t^ PG^H>T 326 
HUMAN CYPlA2 303 pQEKXVNLVNDIFGASFZ>T 322 
MOUSE CYPlA2 301 pEEKIVNXVNDIFGA<3FDT ^20 
RAT CYPlA2 301 pQSJCnmiVNDIPGA<3PET 320 
GUINEA PIG CYPlA2 如 PRKKXVNLV3Nf0lFOA<3F3D^  如 
HAMSTER CYPlA2 301 pQEKIVNIWTDLF^ SftGFDT 320 
HUMAN CYP1B1 316 oLENVPATITDIFGftSQDT 335 
MOUSE CYP1B1 316 oLEDVPATITDIFCJASQm' ^^^ 
RAT CYP1B1 31S DLiDVPATlT0lFG^SQ0T 335 
TROUT CYP2K1 296 HDDNLVFSVGNLFSAQTDT ^^^ )'¾:, o Q C OT A . 
J TROUT CYP17 295 gEDHLLMTVGDIFGi«5VET 上^兮 A 1® … _ w ‘ 
I Conserved region 4 
C122 179 gHS^FLPFTIW|S 192 
C123 179 RHSSFLPFTLS^HC 192 
TILAPIA CYPlA 91 RHSS.YI.PFTIPHC ^°^ 
Trout CYP1A1 381 RHSSFI.PFTISHC ^94 
Trout CYPlA2 381 |^ HS$FIiPFTIPHC ^^^ 
SCUP CYPlA 381 |^ HSSFLS^ FTXmC ^94 
TOMCOD CYP1A1 377 RHS&FLPFTIPHC ^^° 
TOAD FISH CYPlA 381 j^ HSSFLPFTIPHC 394 
PLAICE .CYP1A1 381 j^ HS$Fl>PFTIE^ C ^^^ 
BUTTERFLY FISH CYP1A1 381 |^H3g-5'X^5>FTIS^HC ^94 
HUMAN CYP1A1 ^76 RHSSFVPFTIPHS 则 
MOUSE CYP1A1 377 RHSSFVPFTIPHS ^^° 
RAT CYP1A1 380 RH5SFVPFTIPHS 393 
、 HUMAN CYPlA2 376 ^ ^ 咖 辦 嫩 鄉 389 
f MOUSE CYPlA2 374 gyT^FV^FTIPHS ^®^ 
- RAT CYPlA2 ^^^ RYTSFVPFTIPHS ^®^ 
HAMSTER CYPlA2 374 RyTSFVPFTIPHS ^®^ 
- GUINEA PIG CYPlA2 376 f^^ YBSPtl^ PTXmC ^®^ 
„ HUMAN CYP1B1 ^®^ RFSSFVPVTIPHA 如 
- MOUSE CYP1B1 则 RFSSFLPVTIPHA 的^ 
: RAT CYP1B1 389 RpTSFLPVTLPHA ^02 
TROUT CYP2D1 453 j^ ELFX^ FFTSLLQ 4SS 
TROUT CYP17 434 PSPSYLPFGAGVR ^^^ B 
-¾ 
.;’，. # 
Fig. 4.17 Alignment of Amino Acid Sequences of CYP1As and Some 
Selected P460 Proteins in the Conserved Region 3 (Panel A) and Region 
I 4 (Panel B) The underlined amino acid residues are conserved in all the 
, CYP1 proteins. The conserved amino acids are blocked. The amino acid 
I sequences were retrieved from the Genebank (Section 2.1.3). The 
i ‘ sequence of tilapia CYP1A is unpublished datum in the present study -
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I Fig- 4.16 PCR Analysis of CYP1A Genes in Different Teleost Species 
I Primers PAT1 and PAT 2 were used for PCR with Thermoprime^'"" DNA 
I Polymerase (Section 2.2.11). PCR conditions were the same as described 
I in Section 2.2.11. About 40 ng genomic DNA from common carp, tilapia, 
I bass and goldfish were used as template for PCR. The PCR products were 
I , resolved on 2% agarose gel in 1X TAE buffer. 
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U Common carp is a herbivorous fish species and would consume 
4! ^ > 
i i considerable amount of plant products. As hypothesized by Nebert and 
Nelson (1987), the evolution of new P450s would be due to the animal-plant 
warfare. Nelson's hypothesis is that the selection pressure favors the 
animals to evolve new P450s to metabolize the foreign plant products (which 
may be toxic to animals) so as to survive whereas the plants counteract by 
synthesizing new products. Therefore, herbivorous species like the 
common carp would have a higher probability to evolve new P450 genes. 
4.5-4 CYP1A Expression in Uninduced and Induced Tissues 
Using Northern blot analysis, no positive signal could be obtained from 
the tissues of juvenile and adult common carp. However, using RT-PCR 
、 techniques, CYP1A mRNAs were shown to be present in adult common carp 
“ liver. As explained in the previous section, the endogenous.level of CYP1A 
mRNAs may be due to the consumption of plant products in which some of 
them may be inducers of CYP1A. In fact some of the plant products such as 
:: ICZ and rutaecarpine (Fig. 4.1) could induce the transcription of CYP1A1 
genes in mammalian species (reviewed by Poellinger et al., 1992). 
CYP1A mRNAs were induced in different tissues of the 3-MC-treated 
common carp in the present study. As some PAHs such as BaP are 
metabolized by CYP1As, the induction of CYP1A in different tissues would be 
involved in the metabolism of the GYP1A inducers. 
. In the 3-MC treated common carp, two mRNA transcripts with size of 2.4 
and 1.9 kb were observed in ail the tissues studied. Simi!ar results were 
obtained in rainbow trout hepatocytes (2.9 kb and 1.9 kb) treated with TCDD 
t (Pesonen et al., 1992), and tilapia liver and gill (2.4 kb and 1.6 kb) treated 
with 3-MC and PCB (Ueng et al., 1995). The mRNA transcripts of CYP1A 
i 
I mRNA of different teleost species have typical sizes of around 2.5 kb, 
| „ — _^hereasJhe transcript size of CYP1B1 is 5.2 kb (Sutter et al.,1994; Savas et 
‘142 
f 
al., 1994; Bhattacharyya et al., 1995). The 1.9 kp mRNA transcripts in 
common carp and rainbow trout and the 1.6 kb mRNA transcript in tilapia are _ « • 
therefore not typical ones. Possible reasons of the smaller transcripts are: 
(1) CYP1A pseudogenes expression; (2) differential use of polyadenylation 
signal sequences, as discussed in Section 3..5.1; (3) alternative splicing of 
CYP1A genes; (4) expression of a novel CYP1A genes. 
in Fig 4.15, ail the tissues are responsive to 3-MC treatment. Except 
brain, ail the tissues showed more or less similar level of CYP1A mRNA 
expression. However, as the two CYP1A cDNAs are highly similar in their 
nucleotide sequences, it was impossible to distinguished them by Northern 
blot analysis and ribonuclease protection assay. 1门 rainbow trout, the two 
forms of CYP1A mRNA expressed at similar level in response to 3-MC 
I (Berntson and Chen, 1994). 
r i • ,i. 
I CYP1A mRNA, proteins or activities were induced in the liver tissues in 
many teleost species when treated with PAHs or HAHs (reviewed by 
Stegeman and Hanh, 1994). In TCDD-treated Atlantic cod (Husoy et al., 
I 1994) and zebrafish (Buchmann et al., 1993)，liver tissues were shown to 
havethehighestlevelofCYP1Aproteins. In the present study, the mRNA 
level in 3-MC liver tissues from 3-MC-treated common carp, however, was 
similar to gill, heart, intestine and kidney (Fig. 4.15). In terms of magnitude 
of induction, liver was the least responsive to 3-MC-treatment in common carp 
(Table 4.4). To determine the relationship of CYP1A mRNA, protein content 
and activity in common carp, the protein content and activity should be 
measured. As a matter of fact, to measure the expression of CYP1A in more 
than one level, such as a combinatory measurement of CYP1A mRNA, 
protein content and activity would be better to indicate the presence of 
CYP1A inducers in the environment or environmental samples. 
m In Atlantic cod treated with TCDD (Husoy et al, 1994) and scup treated 
I—— -wi th PCB (Stegeman and Hahn, 1994), CYP1A protein induction with 
immunohistochemical staining was found in hepatocytes, endothelial cells of 
143 
. 
hepatic arterioles and portal vein, pancreatic ductal epithelium and acinar. 
In rainbow trout treated with 3-MC, the hepatocytes were shown to have an 
increase and vesiculation of smooth endoplasmic reticulum· (SER) which is 
the origin of microsome (Khan and Semalulu, 1995). The enlargement of 
RER would be due to the induction of P450 enzymes, especially CYP1A, for 
Phase I detoxification. It is possible that similar responses would be 
observed in common carp treated with 3-MC. 
In addition, endothelial cells were shown to be the major cell types 
responsible for the induction of CYP1A protein both in hepatic and 
extrahepatic tissues {reviewed by Stegeman and Hahn, 1994}. Endothelium 
of glomerular capillaries, pillar cells (endothelial cells) in gill filament, 
endothelial cells of endocardium in both ventricle and atrium, and vascular 
endothelium of various tissues such as intestine and brain in different teleost 
species were shown to express CYP1A proteins in the HAHs and PAHs 
treated fish (Husoy et al., 1994; B.uchmann et al., 1993; Stegeman and Hahn, 
1994). 
Endothelium are mesoderm-derived cells which present as a single layer 
of squamous cells to line the inner surfaces in heart, blood and lymphatic 
vessels, and other fluid-filled cavities and glands. The endothelial cells 
would be the first line of defense against exposure to HAHs and PAHs as it 
could detoxify the xenobiotics like PAHs by expressing Phase I and Phase II 
metabolizing enzymes such as CYP1A, so as to prevent the underlying cell or 
tissues from exposure to the xenobiotics. However, it may also explain the 
toxic effects of PAHs and HAHs in teleost species, as the xenobiotics would 
be transformed to reactive intermediates which would cause cellular damage 
in the endothelial cells and the underlying cells or tissues. Ifl common carp, 
the toxic effects induced by TCDD (Table 4.3) such as cutaneous 
hemorrhage and swollen gill might be related to the damage of the vascular 
_._--------... __ .. __ .... . __ . __ .__ endothelium and pilar cells, respectively .. 
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: In kidney, apart from the endothelium in gomerular and blood vessels, 
i the tubular epithelial cells of the proximal tubular segment was also shown to 
«•；•：• 
express CYP1A proteins in BNF-treated Atlantic cod (Husoy et al., 1994) and 
scup (Stegeman and Hahn, 1994). In the present study, kidney tissues in 
the 3-MC-treated common carps were shown to have a very high level of 
j CYP1A expression, although the induction was only 2.8 fold. As kidney is 
！ one of the major organ involved in biotransformation and excretion of 
r , 
I metabolites of xenobiotics, the expression of CYP1A mRNA, proteins and 
activities are reasonable. In 3-MC-treated rainbow trout, the mitochondria of 
！ the renal epithelial cells were found to have disorganized crlstae and 
flocculent intramitochondrial matrix, which are observed features in 
degenerative mitochondria (Kahn and Semalulu, 1995). Interenal gl3nd, 
: which is equivalent to adrenal cortex in human, in the kidney of BNF-treated 
I Atlantic cod was shown to have a higher level of CYP1A proteins. In 
丨 mammals, CYP1 s were capable of metabolizing sex steroid such as estradiol 
‘ (Section 4.1.2). Therefore it is conceivable that the 3-MC administration 
i :i 
‘ could alter the expression P450s which in turn affect the balance of endocrine 'i :. 
丨 signals produced through the P450 system. 
! 
Heart was shown to have the highest level of CYP1A1 mRNA expression 
in plaice treated with BNF (Leaver et al., 1993), a result similar to the present 
study. The content of microsomal CYP1A proteins in endothelial cells of 
scup treated with BaP was estimated to be 25% of the total microsomal 
proteins (Stegeman et al., 1989). The high level of CYP1A mRNA 
M expression in heart may also be contributed by leukocytes, which are shown 
二 to have higher CYP1A mRNA level in plaice treated with BNF (Leaver et aI., 
— 1993).丨门 fact, in TCDD treated common carp, a depletion of leukocytes and 
: concentration of erythrocytes were observed (Weiden et al.; 1994a), which 
— indicated that both leukocytes and erythrocytes would be affected by the 
: treatment with CYP1A inducers. As both erythrocytes and leukocytes are 
’ nucleated in teleost species, they are likely to be a target of CYP1A inducers 
^ and this may possibly explain the decrease of hefnatocrit and hennogIobin 
_ contents of TCDD-treated common carp (Weiden et al., 1994, see also Table 
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Furthermore, to our best knowledge, this is the first report to provide 
evidence on the induction of CYP1A mRNA by CYP1A inducer in the brain of 
a teleost species. Previous study showed that induced CYP1A proteins 
were found in the vascular endothelial cells in BNF-treated scup (Stegeman 
and Hahn, 1994) and gonadotrophs containing gonadotropin II of rainbow 
trout (Andersson et al.，1993). As 3-MC is highly lipophilic，it can pass 
through the blood brain barrier, which is composed of endothelial cells. The 
induction of CYP1A in brain was suggested to alter the function of pituitary 
gland by increasing the release of GTH 11 from the gonadotrophs to plasma, 
as suggested by Andersson et al. (1993). 
4.5.5 The Use of CYP1A cDNAs As Biomarkers 
As CYP1A mRNAs were shown to be inducible in many of the tissues of 
the 3-MC-treated juvenile common carp, together with the low level of 
endogenous expression of CYP1A mRNA. the induction of CYP1As in 
common carp is potentially a good biomarker response for the exposure to 
organic pollutants like HAHs and PAHs. It is especially true for the gill tissue, 
which was shown to be very responsive to 3-MC treatment，as only a few gill 
^ filament, but need not to kill the fish (non-invasive method), could provide 
sufficient samples for either Northern blot or RT-PCR analyses. 
In fact. Northern blot analysis was proved to be successful to show the 
r increase of of CYP1A mRNA expression in the caged and feral fishes in 
i contaminated sites (Haasch et al.. 1993). The RT-PCR techniques, which is 
； more sensitive than Northern blot analysis, was also applicable to quantify 
j the CYP1A1 mRNA levels in juvenile chinook salmon exposed to bleached-
kraft mill effluent (Campell et al., 1996) and in human leukocytes exposed to 
, T C D D (Heuvel et al., 1993). In the present study, as the primers PAT 1 and 
^ TAT2rwere able to amplify the CYP1A genomic fragments of a number fish 
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‘ species, they would be also useful to amplify the CYP1A cDNA of the teleost 
: species by PT-PCR. 
: However the increase in mRNA levels may be due to stabilization of the 
: mRNA transcripts and/ or direct increase in the transcription of a particular 
i gene Standard RT-PCR techniques is incapable of distinguishing between 
I the two events. Nuclear run-on assay is reliable method to examine the 
transcriptional activation of a gene but it is time consuming and labonous. A 
new approach to amplify the heterogeneous nuclear RNA (hnRNA) of 
CYP1A1 by RT-PCR has been proposed to be a substitute of nuclear run-on 
i assay (Elferink and Reiners. 1996). A similar approach could be used to 
determine the direct effect on the transcription of CW1A genes by their 
r inducers in teleost species. I 
[ However, there are a number of problems needed to be resolved for the 
^ use of CYP1A mRNA induction in common carp as biomarker response. 
； Firstly, the full-length sequences of the CYP1A cDNAs should be obtained. 
i〜 ,t is essential to develop methods to distinguish among them, such as using 
! specific primers for RT-PCR or using specific cDNA fragments for 
1 ribonuclease protection assay or Northern blot analysis. Secondly, the 
inducibilities of the CYP1A genes should be determined as the most 
responsive one is presumably be the best biomarker. Thirdly, the inducers 
： of the CYP1A genes in common carp should be determined to see .f they are 
【 differentially regulated, similar in the case of rainbow trout (Curtis et al., 1996). 
1 ,n fact, some PAHs (e. g. BaP) and HAHs (e. g. TCDD) were shown to induce 
I the transcription of CYP1A1 gene by different receptors, i. e. AhR and GNMT 
i in mammalian system (Section 4.1.3). Therefore’ CYP1A genes would be 
： regulated by PAHs and HAHs in different ways in teleost species. Fourthly, 
I the effects of different exogenous factors such as seasonal changes and 
endogenous factors such as sex and age would alter the CYP1A mRNA 
, expression should be studied before CYP1A could be used as biomarkers. 
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Moreover, CYP1As in common carp would also act as biomarkers of 
susceptibility. In the present study, 20% (1 out of 5) of the 3-MC (20 mg/kg) 
treated common carp died during the induction test. It indicated that some 
individual might be more susceptible to 3-MC treatment. In human, CYP1A1 
genes were shown to have two point mutations: one at the 3' untranslated 
region (m1) and another at the codon 462 at exon 7 (m2) which leads to 
conversion of valine residue to isoleucine (Hayashi et al., 1991). A close 
correlation was found between both ~1 and m2 with bronchiogenic cancer in 
the ~apanese population (Hayashi et aI., 1991) whereas m2 was associated 
with lung cancer in Caucasian population (Drakoulis et aI., 1994). In Atlantic 
tomcod, the fishes carry CYP1 A 1 gene with truncated 3' untranslated region 
were found to be s.usceptible to environmentally induced neoplasia (Roy et al., 
1995). Interestingly, similar to the case of Atlantic tomcod, clone 13-16 (Fig. 
4.12) in the present study was shown to have a shorter 3' untranslated region 
(200 bp shorter than clone 13-5 and 20-2). 
4.6 Conclusion 
. Using a pair of teleost CYP1A specific primer, two forms of CYP1A 
cDNAs were amplified using RT -PCR. Their nucleotide and the predicted 
amino acid sequence identities are over 90%. One of the CYP1 A cDNA was 
used as a probe to screen an adult liver cDNA of common carp and 4 forms of 
CYP1As were identified with different restriction enzyme maps. Southern 
blot and PCR analyses supported that common carp carries several copies of 
CYP1A genes. The presence of multiple CYP1A genes appeared to be 
restricted to tetraploid species like common carp and goldfish only. 
Endogenous level of CYP1A mRNA cannot be detected with Northern blot 
analysis in common carp, but after the treatment with 3-MC, all tissues 
exhibited significant levels of CYP1A mRNA induction. 
- --~ - . __ r . _ _ 
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( 5 General Conclusion 
！ •‘ 
, ‘ 
The cDNAs of MT and CYP1A of common carp were obtained in the 
K •. 
present study. The cDNAs can be used as probes to study differential regulation 
！ of MT and CYP1A genes. Similar to other teleost species, the MT and CYP1A 
mRNA of common carp were induced by cadmium and 3-MC respectively in many i. _ 
tissues tested. 
I I I 
MT mRNA was constitutively expressed in many different types of tissues 
i 
of common carp, some of them such as liver, kidney and brain have high level of 
basal level expression. All the published MT cDNA of teleost species were 
I、， 
obtained from stress-induced (either heavy metal expression administration and 
•_, _. 
starvation) tissues. Although MT mRNA could be induced after cadmium 
injection, the magnitudes of induction in different tissues, except heart, were not 
® high. The MT cDNA of common carp would be useful for the study of the 
physiological functions of MT apart from detoxification, which have been debated 
for 4 decades since its discovery (Cherian et al., 1993). In fact, the identification 
of MTlll, a constitutively expressed MT in the brain of human and mouse, has 
been a breakthrough in MT study, as its function is not likely to be related to 
detoxification of heavy metal (Uchida et al., 1991; Palmiter et a!.. 1992). Similar 
to mammalian MTIII, brain MT of common carp appeared not to be induced by 
cadmium administration.丨门 addition, high level of endogenous MT mRNA 
expression was found in the brain of common carp, and the brain MT was found 
to be able to activate important enzyme in the brain of rainbow trout (Hao et al., 
1993). 
Using a pair of teleost CYP1A specific primers, the DNA fragments of 
: CYP1A cDNAs and genes of some of the local fish species were amplified. This 
r pair of primers would be useful to study the differential regulation of CYP1A 
I genes of different teleost species. In fact, two forms of CYP1A cDNAs of common 
轉 
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r carp and one CYP1A cDNA fragment of tilapia were obtained with this approach. 
E 
Furthermore, by screening an uninduced adult cDNA library, fourforms of CYP1A 
cDNA clones with different restriction, maps were identified. The full-length 
sequences of these CYP1A cDNAs should be obtained in order to study their 
relationships to other CYP1 genes invertebrates as well as their regulation. 
t '••• 
The Southern blot analyses of the genomic DNA of common carp 
I.. ’.. 
; supported that at least two MT genes and two CYP1A genes in its genome. PCR 
analysis also supported that at least two MT and CYP1A genes are present in the 
genomes of common carp and goldfish, two tetraploid species. The presence of 
I 
,, of two MT and CYP1A genes were only reported salmids, which are also 
I" 
: tetraploidy. The identification of these MT and CYP1A genes may provide 
f insights on the evolution of teleost species. 
- PCR techniques was also proven to be useful for the cloning of gene 
: fragments and 5' upstream region of MT gene of common carp. Similar approach 
？ may be obtaining the genomic sequences of CYP1A genes of common carp. The 
“ identification of the MT and CYP1Agenomic sequences, especially the promoter 
^ sequences, will be useful to study the regulation of these PIGs. For example, the 
r 5，Upstream region of MT gene of common carp have two Sp1 sites, which may 
^ 




r Induction of MT and CYP1A mRNAs in teleost was suggested to be useful fi£ 
； biomarker responses for the monitoring of the inorganic (heavy metal) and 
I organic (PAHs and HAHs) pollutants in the aquatic system respectively. In fact, 
- complex mixtures of pollutants are present in the aquatic environment and 
I multiple biomarkers were suggested to be more valuable in biomonitoring (Wirgin 
睡 
^ et al., 1994). The cloning of cDNAs of MT and CYP1Awould provide framework 
陋 
二 of monitoring complex mixtures of pollutants in environmental samples. 
: 
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I study the molecular changes has been a trend in toxicologicaI research ;i^  
(Marshall, 1993). Quantitative PT-PCR and RGS are two candidates that have 
great potentials to develop. The study of MT and CYP1A expression in common 
carp by RT-PCR is possible as MT and CYP1A gene specific primers have 
already designed. In addition, a MT RGS has been planned to construct in this 
laboratory by another student using 5' upstream region of MT gene of common 
carp amplified in this study. 
The present study also revealed that heart is the organ that were the most 
responsive to cadmium and 3-MC administration. The study of MT and CYP1A 
‘ mRNA level in heart would be useful in biomonitohng. Noninvasive method 
i . 
I would be applicable if the blood cells are also responsive to cadmium and 3-MC 
？ 
I administration. However, as the fishes were treated with i. p. injection of 
I cadmium and 3-MC, which is not a natural way of entrance of pollutants into the 
奢 body of fish, experiments should be designed to see whether pollutants in 
f aqueous phase or in food would also induce the two PIGs in common carp in a 
simil3r m3nn6r. 
In summary, two forms of MT and CYP1A cDNA were obtained by library 
screening and RT-PCR from uninduced tissues respectively. The two MT cDNA 
have identical coding sequence but have different 3' and 5' untranslated 
sequences. The identities of the nucleotide and predicted amino acid sequences 
4 
I of the two forms of CYP1A cDNA are over 91 %. Southern blot and PCR analyses t 
I both supported that at least two MT 3r1d CYP1A genes are present in the genome 
of common carp. Using PCR techniques, the gene fragment and 5, upstream 
I sequence of the MT gene of common carp were amplified. The 5, upstream 
I region of MT gene was shown to contain 5 MREs, 2 Sp1, an AP1 recognition site 
I and a c-Jun recognition site. High basal level expression of MT mRNA was found 
I 1门'iver, kidney, brain, and to a lesser extent in intestine, whereas muscle, heart 
I 
I and giil showed detectable but low level of MT mRNA expression in juvenile and 
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. 3 d u , t common carp. Cadmium cou,d induce MT mRNA expression in d i = | 
L except. Whereas 3-MC cou,d induce CYP1A mRNA express,on in a j 
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